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Glossary of acronyms 
ACQ Aggregation-caused quenching 
AIBN Azobisisobutyronitrile 
AIE Aggregation-induced emission 
BHT 2,6-Di-tert-butyl-4-methylphenol 
CA Cyanoacetic acid 
CAEM 2-(2-Cyanoacetoxy)ethyl methacrylate 
CCVJ 9-(2-Carboxy-2-cyanovinyl)julolidine 
D-A Donor-acceptor 
DASPMI (dimethylamino) stilbazolium 
DCC N,N’-Dicyclohexylcarbodiimide 
DCU N,N’-Dicyclohexylurea 
DCVJ 9-(2,2,-dicyanovinyl) julolidine 
DMABN 1,4-Dimethylamino benzonitrile 
DMF N,N’-Dimethylformamide 
DPAP 4-(Diphenylamino)phtalonitrile 
DPH 1,6-diphenyl-1,3,5-hexatriene 
DSC Differential scanning calorimetry 
EI-MS Electronic ionization - mass spectroscopy 
FJUL 9-Formyljulolidine
FMR Fluorescent molecular rotor
FRAP Fluorescence recovery after photobleaching
FRP Free radical polymerization
FT-IR Fourier transform-infrared
GLC-MS Gas liquid chromatography - mass 
spectrometry 
GPC Gel permeation chromatography 
HEMA 2-Hyroxyethyl methacrylate
HPS Hexaphenylsilole 
IC Internal conversion 
ICT Intramolecular charge transfer 
ISC Intersystem crossing 
JCAEM 2-(Methacryloxy)ethyl-2-cyano-3-
julolidin-acrilate 
JUL Julolidine 
LE Local excited 
NMR Nuclear magnetic resonance 
PDI Polydispersity index 
PMMA Poly(methylmethacrylate) 
PPE Poly(phenylene ethynylene) 
PS Polystyrene 
PVDF Polyvinylidene fluoride 
QY Quantum yield 
RIM Restriction of intramolecular motions 
RIR Restriction of intramolecular rotations 
RIV Restriction of intramolecular vibrations 
rpm Revolutions per minute 
rt Room temperature 
STY Styrene 
Tg Glass transition temperature 
TGA Thermogravimetric analysis 
TICT Twisted intramolecular charge transfer 
TLC Thin layer chromatography 
TMS Tetramethylsilane 
THF Tetrahydrofuran 
VOC Volatile organic compound 
WLF Williams-Landel-Ferry 
7 
1. Introduction
This thesis is placed in the study of novel so called “smart materials”, a class of new 
functional materials with the ability to provide a prompt response, namely to significantly 
change one of its easily-measurable properties, when subjected to a stimulus of varied 
nature (e.g. light, heat, mechanical stress and chemical stimuli).1 
Recently, the introduction of luminescent aggregachromic dyes into polymer matrices has 
been effectively used for the preparation of new chromogenic materials exhibiting the 
thermomechanical properties of polymers coupled with optical response to visible light.2-4 
Indeed, typical so called “commodities polymers” (i.e. consumer polymers) are often 
characterized by interesting thermal and mechanical properties, but lack any optical 
response being usually transparent to wavelengths above 200-300 nm.5,6 Chromogenic 
systems are thus capable to respond to various stimuli through a macroscopic optical 
output.1,4 The fluorescence sensing and probing based on organic sensory materials has 
attracted lot of attention due to its desirable features such as non-invasiveness, excellent 
sensitivity, simplicity, and high signal-to-noise ratio.7 Moreover, recently, a novel class 
of luminophores demonstrating aggregation induced emission (AIE) characteristics has 
drawn great attention because they can overcome the drawback of aggregation-caused 
quenching (ACQ) of traditional dyes in the solid state. Such luminogens with AIE 
attribute have been referred to as “AIEgens”. The great interest in these fluorophores 
arises from their bright luminescence in the solid state that allows them to find potential 
high-tech applications as chemosensors, bioprobes, light emitters with different emission 
ranges, operating in the solid state, unlikely to be achieved so far with conventional 
organic fluorophores.8-11 The development of chromogenic materials based on AIEgens 
is rapidly expanding in literature.8,9,12 The AIE effect arises from the restriction of 
intramolecular motions (RIM) and is typical of those molecules whose structure consists 
of two or more units that can dynamically rotate against each-other.8,11,13  
AIE systems with donor–acceptor (D-A) structure are also referred to as Fluorescent 
Molecular Rotors (FMRs).8 FMRs are flexible chromophores with a fluorescence 
response that depends on the local viscosity of the environment. In low viscosity medium, 
FMRs are allowed to dissipate the excited state energy through a non-radiative relaxation 
channel, without any emission of light. Conversely, in the aggregate state, or in viscous 
environments, the internal rotation is restricted thus blocking the non-radiative relaxation 
pathway and enhancing the fluorescence emission.14-16  
8 
By combining the interesting emission properties of FMRs with the polymer 
characteristics, attractive materials can be generated with unique properties. FMRs have 
been the subject of numerous studies in the last 5-10 years thanks to their viscosity-
dependent properties, which allow their applicability as non-mechanical viscosity 
sensors, tools for protein characterization and local microviscosity imaging.17-21  
The application of FMRs in solution has become rather popular since several years thanks 
to their sensitivity towards viscosity and viscosity changes that has reached a precision 
comparable to commercial mechanical rheometers. Furthermore, FMRs-based viscosity 
measurements require shorter measurements times, smaller amounts of samples and, 
since the fluorescence viscometry does not apply shear to the sample, it is more practical 
for biofluids, which have apparent non-Newtonian properties.22,23 
Embedding FMRs in polymer matrices has been performed with the aim to assess 
polymer molecular weight or tacticity as well as polymer dynamics.24-27 Recently FMRs 
dispersions into polymer matrices for detection of volatile organic compounds (VOCs) 
have been efficiently reported.19,28,29 In particular, julolidine-based FMRs dispersed at 
low loadings (< 0.1 wt. %) exhibited a pronounced fluorescence variation upon exposure 
to well interacting VOCs, due to the plasticizing effect of the solvent vapours on the 
polymer matrix yielding a significant drop in the local microviscosity and consequently 
on the FMR emission.30 Aside of their great sensitivity and low cost, they also possess 
good processability and can be prepared into large-area thin solid films and devices by 
simple, cheap, energy saving processes which greatly simplify the fabrication of optical 
sensing devices.  
1.1. Principles of Fluorescence 
The emission of light from any substance, which occurs from electronically excited states, 
is referred to as “luminescence”. On the basis of the nature of the excited state, 
luminescence can be split in two categories, namely fluorescence and phosphorescence. 
Fluorescence is the emission from the excited singlet states, where the electron in the 
excited orbital is paired (by opposite spin) to the second electron in the ground state 
orbital. For this reason, the electron is spin-allowed to return rapidly to the ground state 
by emitting a photon. The emission typically takes place about 10 ns after the excitation, 
and the average time between excitation and return to the ground state is referred to as 
“lifetime” of the fluorophore (τ). On the other side, phosphorescence is the emission of 
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light taking place when an electron in a triplet excited state (i.e. when its spin is the same 
of the electron in the ground state) returns in the ground state. Since this transition is 
forbidden by the selection rules, involving a change in the spin multiplicity, emission 
rates are slower than fluorescence ones, and phosphorescence lifetimes ranging from 10 
ms to 1s or even longer are possible.  
Fluorescence usually occurs from aromatic and highly conjugated molecules, some of 
which are shown in Figure 1.1. 
 
Figure 1.1 - Structures of typical fluorescent substances with different emission wavelength and their 
characteristic emission under UV irradiation33 
The Perrin-Jablonski (or simply Jablonski) diagram is used to visualize in a simple way 
the processes that take place between absorption and emission. Jablonski diagrams are 
used in a variety of forms, illustrating various molecular processes that can occur: photon 
absorption, internal conversion, fluorescence, intersystem crossing, phosphorescence, 
delayed fluorescence and triplet-triplet transition. 
A typical Jablonski diagram is shown in Figure 1.2. The singlet electronic states are 
denoted by S0 (ground state), S1, S2, … and the triplet states by T1, T2, …. For each 
electronic state some associated vibrational levels are shown. The energy spacing 
between the various vibrational levels is reflected in the emission spectrum, defining the 
distance between two emission maxima. However, it should be noted that most 
fluorescent molecules exhibit broad and structureless absorption and emission bands, 
which means that each electronic state consist of an almost continuous cluster of 
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vibrational levels. Transitions between the states are depicted as vertical lines, indeed, as 
stated by the Franck-Condon principle, the absorption of light is an instantaneous process 
occurring in about 10-15 seconds, a time too short for a significant displacement of nuclei.  
 
Figure 1.2 - Simplified Perrin-Jablonski diagram. S = singlet state, T = triplet state, IC = internal 
conversion, ISC = intersystem crossing32 
At room temperature (rt) thermal energy is not enough to significantly populate the 
excited vibrational states: absorption and emission occur mostly from molecules with the 
lowest vibrational energy. The most populated electronic level at rt is, indeed, the ground 
state S0. Furthermore, the large energy difference between the S0 and S1 excited state 
makes the thermal population of S1 unattainable, that is why fluorescence is induced by 
light and not by heat. 
Once absorbed a photon, many processes may occur. Usually, absorption of a photon 
takes the fluorophore in some higher vibrational level of either S1 or S2. In the condensed 
phase, molecules usually relax to the lowest vibrational level of S1. This process, called 
internal conversion (IC in Figure 1.2) takes places in 10-12 seconds or less. Since the 
average fluorescence lifetime is about 10-8 seconds, IC is typically complete prior to 
emission. Hence, fluorescence emission mostly occurs from the thermally equilibrated 
lowest vibrational state of S1. This is the reason why emission spectra are usually 
independent of the excitation wavelength (property known as Kasha’s rule).31 The 
transition S1 to S0 usually occurs toward a higher excited vibrational state, which 
immediately thermalizes by IC. Since electronic excitation does not alter significantly the 
11 
 
nuclei positions, the spacing of the vibrational energy in the excited electronical states, is 
similar to that of the ground states, consequently the emission spectrum is typically a 
mirror image of the absorption one. 
As depicted in Figure 1.2, fluorophore molecules in the S1 state, may also undergo a spin 
conversion to the first triplet state T1. According to Hund’s rule, such a state has a lower 
energy than that of the singlet state of the same configuration, and its emission is therefore 
shifted to longer wavelengths with respect to fluorescence.32 The process of spin 
inversion is referred to as intersystem crossing (ISC in Figure 1.2). Since the transition 
from T1 to the singlet ground state S0 is forbidden, phosphorescence lifetimes are some 
order of magnitude greater than the fluorescence ones. 
As clearly noticeable from the Jablonski diagram, fluorescence takes places at higher 
wavelengths than the absorption, i.e. the emitted energy is lower than the absorbed. This 
is due to the rapid decay to the lowest vibrational level of S1 prior to emission. 
Furthermore, as aforementioned, fluorophores generally decay to higher vibrational 
levels of So, thus resulting in further loss of excitation energy by thermalization of the 
excess vibrational energy. The difference in energy, expressed as difference in 
wavelengths, between the absorption and the fluorescence emission maxima, known as 
Stokes’ shift, can provide information on the excited states. For instance, when the dipole 
moment of a fluorescent molecule is higher in the excited state than in the ground state, 
the Stokes’ shift increases with solvent polarity. It is worth noting that, practically, the 
detection of a fluorescent species is easier when the Stokes’ shift is larger. 
Two of the most important characteristic of a fluorophore are fluorescence lifetime and 
quantum yield (QY, Φ). Quantum yield is given by the ratio of the number of photons 
emitted to the number of photons absorbed. The highest the quantum yield, the brightest 
the emission of the fluorophore.In Figure 1.3 a simple Jablonski diagram explains the 
meaning of quantum yield and fluorescence 
lifetimes. Relaxation processes leading to the 
relaxed S1 state are not individually represented. 
The disexcitation processes from S1 to S0 are 
depicted in terms of emissive (red arrow) and 
non-radiative (black arrow), each labelled with 
the corresponding rate constant Γ and knr.  
Figure 1.3 - Simplified Jablonski diagram32 
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Since the aforementioned processes, both depopulate the excited state, the fraction of 
fluorophores that decay through emission, and consequently the QY, is given by: 
Φ = Γ
Γ + 𝑘𝑘𝑛𝑛𝑛𝑛 (1.1) 
It is easy to notice that the QY can be close to unity if the radiationless decay rate is much 
smaller than the rate of radiative decay, i.e. knr < Γ. Obviously, as seen before, the energy 
yield is always less than unity because of Stokes’ losses.  
The lifetime of excited state is defined by the average time the molecule spends in the 
excited state prior to return to the ground state, and it is given by: 
τ = 1
Γ + 𝑘𝑘𝑛𝑛𝑛𝑛 (1.2) 
As can be seen from equations (1.1) and (1.2), the quantum yield and the lifetime can be 
modified by any factor influencing either of the rate constants, Γ ok knr. Consequently, a 
molecule may be non-fluorescent as a result of a large rate of IC, or a slow emission rate. 
Large variations in the rate constants may arise from several factors. For instance, pH, 
ionic strength of the solution, fluorophore concentration, interactions with other 
molecules in solution or with solvent molecules as well, may influence the disexcitation 
mechanism of the molecule. It is worth noting that if intermolecular interaction occurs in 
times comparable or shorter than the fluorophore lifetime, its fluorescence may be 
significantly inhibited. 
The decrease in the fluorescence emission of a fluorophore is referred to as “fading”. This 
is formally divided into two phenomena, namely quenching and photobleaching. The 
difference between the two is that photobleaching is an irreversible process due to 
photodegradation of the fluorophore caused by absorption of an excessive light intensity, 
and depends on the chemical reactivity of the fluorophore as well as the incident light 
wavelength and the surrounding environment. Conversely, quenching is not depending 
on chemical modifications of the fluorophore but it is mostly owed to the decrease in the 
lifetime of the excited state of molecule, which reflects significantly on the quantum yield. 
Quenching can occur by several different mechanisms. For instance, collisional 
quenching takes place when the fluorophore in the excited state is deactivated upon 
contact with some other molecule in solution, not surprisingly named “quencher”. During 
the diffusive encounter with the quencher, the fluorophore is returned to the ground state, 
and both the molecules are not chemically altered in the process. A great number of 
molecules can act as collisional quenchers, and the quenching mechanism depends on the 
13 
 
fluorophore-quencher pair. Other examples of dynamic quenching in solution involve 
fluorophore-solvent interactions and rotational diffusion. Most fluorophores exhibit a 
large dipole moment in the excited state than in the ground state. Furthermore, rotational 
motions in solution are often rapid, typically with a timescale of 4×10-12 seconds or less. 
For this reason, during the relatively long time prior to fluorescence emission, is it 
possible for solvent molecules to reorient around the excited state dipole, lowering the 
excited state energy (at the expense of the corresponding ground state energy which is 
raised) thus shifting the fluorescence emission to longer wavelengths. This process, 
known as “solvent relaxation” occurs within 10-10 seconds in solution. It is worth noting 
that solvent relaxation influences only the emission spectrum and not the absorption one 
(since absorption timescale is too short), however the variation on the Stokes’s shift may 
provide information about solvent polarity.32-34 
1.2. AIEgens and FMRs  
In principle luminescent materials can be used in every physical state, i.e., gaseous, liquid 
and solid. Some examples of technological applications of fluorophores are shown in 
Figure 1.4.9 For the majority of practical applications, luminophores are used as films 
and aggregates, i.e. in the solid state. For instance, for optoelectronics applications, 
luminophores are used as thin solid films and crystals, conversely, for many biological 
applications, luminophores are often used in physiological environments or aqueous 
media. It is worth noting that although functionalization with polar groups, aimed to 
increase their water compatibility, most of 
luminophores still tend to form 
nanoaggregates in aqueous environments 
because of the intrinsic hydrophobicity of 
their aromatic components (e.g. phenyl 
rings). Upon aggregation, the majority of 
the conventional fluorophores show a 
significant or complete quenching of their 
emission in comparison to their dilute 
solutions. This phenomenon, known as 
“aggregation-caused quenching” has 
been studied since Förster’s discovery in 
Figure 1.4 - Examples of technological applications  
of fluorophores9 
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1954.35 Extensive studies about the topic in the following years explained thoroughly its 
photophysical processes and mechanism.36 Conventional aromatic luminophores emit 
greatly as isolated molecules but suffer from ACQ effect when they are aggregate or 
clustered. Upon aggregation, molecules are located in the immediate vicinity to each 
other. In such conditions, the aromatics rings of the adjoining fluorophores, especially for 
disc- or rod-like shaped molecules, experience strong intermolecular π-π stacking 
interactions. The excited states of such aggregates often decay or relax to the ground state 
via non-radiative pathways, resulting in the quenching of the fluorescence emission. From 
the practical standpoint, ACQ has always been considered as an obstacle to overcome as 
it sets a limit to the realization of fluorescent solid-state devices.  
A typical example of fluorophore exhibiting the ACQ effect is perylene (Figure 1.5, left).9 
When molecularly dissolved in a good solvent, e.g. in THF dilute solutions, perylene is 
highly emissive. When a poor solvent (e.g. water) is added to its THF solution, perylene 
is induced to aggregate, and its emission becomes weakened. When the water content 
reaches 80 %, perylene emission is significantly quenched, and gets completely quenched 
when the water content is brought up to 90 % because of drastic aggregate formation. The 
planar polycyclic aromatic structure of perylene, allows the molecules to pack in an 
ordered fashion, as a stack of CDs (Figure 1.6), thanks to π-π stacking interactions, giving 
rise to excimers resulting in the undesired ACQ effect. 
Since 2001 a novel class of fluorophores has greatly drawn attention thanks to their 
behaviour opposite to the ACQ effect: upon aggregation, the molecules, which are non-
emissive or weakly fluorescent when molecularly dispersed in solution, exhibit a strong 
fluorescence enhancement becoming highly emissive. This photophysical phenomenon 
is referred to as aggregation-induced emission, concept coined by the group of Prof. Ben 
Zhong Tang.37 While the emissive chromophores are called “luminophores”, those non-
emissive as molecules but emissive under appropriate conditions (e.g. as aggregates) are 
named “luminogens”, furthermore luminogens exhibiting AIE effect are termed 
AIEgens.8  
A typical example of luminogen exhibiting the AIE effect is hexaphenylsilole (HPS) 
(Figure 1.5, right). HPS is non-emissive when molecularly dispersed in pure THF, but its 
emission is turned on when a poor solvent (such as water) is added and its content reaches 
~ 80 %, as a consequence of the harsh aggregation. Unlike perylene, HPS adopts a twisted 
propeller shaped conformation, which hampers π-π stacking interactions between AIEgen 
molecules (Figure 1.6).9,10 
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The reason why the aggregation can brighten the emission of AIEgens is easily explained 
by fundamental physics: any molecular movement (rotation, vibration, etc.) consumes 
energy. The six phenyl rings in HPS can dynamically rotate against the silole core. In 
dilute solution, those intramolecular rotations are active consuming the excited state 
energy through a non-radiative relaxation channel. As a result, the fluorescence is 
quenched. Conversely, in the aggregate state, such rotations are restricted due to physical 
constraints, which block the non-radiative channel to the ground state, enabling excitons 
to decay radiatively. In general, the AIE effect arises from the restriction of intramolecular 
motion (RIM), which includes restriction of intramolecular rotation (RIR) and restriction 
of intramolecular vibration (RIV). The RIM process consists, basically, in structural 
rigidification.8-10,13 
AIE systems may be categorized into two subgroups, one without D-A structure and 
another with D-A structure. For luminogens belonging to the first group, the emission 
quenching in solution is caused by the torsional and vibrational motions, while the AIE 
effect in the aggregate form is due to the RIM processes, as seen for HPS. D-A AIEgens 
are, instead, slightly more complex: their faint emission in solution is often ascribed to a 
“dark state”, i.e. the twisted intramolecular charge transfer (TICT) state, whereas the AIE 
effect in the aggregate form is thought to originate from the inhibition of transformation 
from the locally excited (LE) to the TICT state.8  
Figure 1.6 - Planar fluorophore molecules such as perylene tend to aggregate as discs pile up due to strong 
π-π stacking interactions which turn off their emission, conversely non-planar luminogenic 
molecules such as hexaphenylsilole (HPS) are not emissive when molecularly dispersed, but 
become strongly emissive upon aggregation due to the restriction of intramolecular motion13 
Figure 1.5 - Photographs under UV illumination of 20μM solutions/suspensions of perylene (left) and HPS 
(right) in THF/H2O mixtures with different water content, showing ACQ and AIE effects 
respectively9 
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AIEgens with donor-acceptor structure 
are often referred to as fluorescent 
molecular rotors. This term is commonly 
used to describe a fluorescent molecule 
that as the ability to undergo an 
intramolecular twisting motion in the 
excited state. Typically, a molecular rotor consists of three subunits, namely an electron 
donor unit, an electron acceptor unit, and an electron rich spacer. The latter is usually 
made up by a network of conjugates double bonds aimed to facilitate the electrons 
movements between the donor and the acceptor units, also ensuring the minimum overlap 
of their orbitals.38 The basic structure of a molecular rotor is shown in Figure 1.7. In this 
configuration, the molecule responds to photoexcitation with an intramolecular charge 
transfer (ICT) from the donor to the acceptor unit. While the three subunits assume a 
planar or near-planar configuration in the ground state, electrostatic forces induce an 
intramolecular twisting motion of the sub-groups relative to each other.39 The molecule 
assumes a non-planar conformation, with a lower excited state energy but higher ground 
state energy, therefore the relaxation from this twisted state is associated with either a 
red-shifted fluorescence emission or non-radiative decay depending on the structure of 
the considered fluorophore.39-43 Several classes of molecular rotors exist. A representative 
molecule for each class is shown in Table 1.1. Electron-donating subunits are coloured in 
blue, whereas electron-accepting subunits are coloured in red. Green and orange arrows 
indicate bonds around which intramolecular rotation can take place. 
Table 1.1 - Most important groups of FMRs and their representative examples17,44-46 
Group Representative example Structure 
Benzonitrile based 
fluorophores 
1,4-dimethylamino benzonitrile  
(DMABN)  
Benzylidene malonitriles 9-(2,2-dicyanovinyl) julolidine (DCVJ) 
 
Stilbenes p-(dimethylamino) stilbazolium  (p-DASPMI) 
 
Arylmethyne dyes Crystal Violet 
 
Figure 1.7 - Typical structure of FMRs, highlighting 
the electron donating subunit (D), the 
electron accepting subunit (A) and the 
spacer (S)16 
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As aforementioned, relaxation from the TICT state may occur in a radiative rather than 
non-radiative way depending on the molecular structure. In the case of DMABN, for 
example, the S1-S0 gap in the twisted state is large enough to allow a radiative emission 
when the molecule returns to the ground state in the twisted conformation. Molecules of 
this sort exhibit a distinct second emission band that is red-shifted from the LE 
fluorescence. For DMABN, the TICT state energy gap is ~ 30 % lower than the LE state 
energy gap, thus relaxation from both conformations leads to photon emission. 
Conversely, when the TICT state energy gap is much smaller than the LE state one, 
relaxation from the TICT state occurs through a non-radiative pathway. For DCVJ, 
indeed, the twisted-state S1-S0 energy gap is three times smaller than the LE energy gap, 
as a consequence, fluorophores of this class exhibit only a single emission band.41 
The most noteworthy feature of FMRs is the dependency of the twisted state formation 
rate on the local microenvironment, predominantly the microviscosity of the solvent. This 
in turn affects the optical behaviour of the molecule. For those molecules that emit also 
from the TICT state with a red shifted emission band, steric hindrance of the TICT state 
formation in higher viscosity media changes the emission in favour of the shorter 
wavelength emission from the planar LE state.47 For those FMRs that exhibit single 
fluorescence band, i.e. the TICT state is non-radiative, increasing in the medium viscosity 
causes the enhancement of the fluorescence quantum yield.48 Figure 1.8 shows the 
extended Jablonski diagram for molecular rotors, including the TICT state energy levels. 
Both the ground state and the excited state energy levels depends on the degree of 
intramolecular rotation.49,50 In the ground state, the planar conformation is energetically 
preferred, whereas the twisted conformation is preferred in the excited state. Upon photon 
absorption, a fluorescent ICT complex is generated by charge separation, namely through 
transferring an electron from the donor unit to the acceptor unit. The molecule assumes 
the excited state configuration D+-π-A-. Right after excitation, the molecule rapidly 
assumes the twisted state conformation unless the energy barrier between the LE and the 
TICT state (dotted line in Figure 1.8) is not raised by physical constraints such as the 
viscosity of the medium. In the latter case, the achievement of the TICT state is prevented, 
and the fluorescence quantum yield from the LE is enhanced. The charge separation in 
the excited state is accompanied by an increased dipole moment. In the case of DMABN, 
for instance, the ground state dipole moment is ~ 6 Debye (1 Debye [D] ≈ 3.336×10-30 
C×m), whereas the excited state dipole moments have been found to be ~ 10 Debye in 
the planar conformation and ranging between 19 and 22 Debye in the TICT conformation, 
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depending on the nature of the solvent.51 Indeed, if the solvent molecules possess a dipole 
moment as well, reorientation of solvent molecules surrounding the excited dye 
molecules to energetically more favourable positions can occur. Thereby, the energy level 
of the S1 state is lowered and the energy of the S0 state is raised, therefore increasing the 
Stokes’ shift, which eventually reflects the energy spent for the orientation of the solvent 
molecules. This process is referred to as solvent relaxation. Since solvent relaxation 
requires the presence of a dipole moment in the solvent molecules themselves, it depends 
on solvent polarity.33,52,53  
 
Figure 1.8 - Extended Jablonski diagram for FMRs with double (left) or single (right) fluorescence 
emission, including the TICT state energy levels16 
Solvent relaxation is the reason why molecular rotors typically exhibit stronger 
solvatochromism in the TICT state emission band than in the planar LE emission band. 
In low polarity solvents, the emission comes mainly from the LE state with high quantum 
yield, whereas in high polarity solvents, the emission (where present) occurs mainly from 
the TICT state, which has a very low quantum yield. The TICT formation rate has been 
recognized as the main factor determining the relative intensity of the two emission bands 
in the case of FMR with dual emission, and the overall quantum yield in the case of FMR 
with radiationless decay from the TICT state. It is worth noting that in crystal form, the 
restriction in the transition from the LE state to the TICT state may result in efficient 
AIE.54,55 
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1.2.1. Julolidine-based FMRs 
The most studied class of FMRs is that of julolidine 
derivatives, belonging to the group of benzylidene 
malonitriles. Among them 9-(2,2-dicyanovinyl) 
julolidine is the most thoroughly investigated as it is 
of great interest in the biologic and biomedical 
fields.17,56,57  
DCVJ exhibits a single band fluorescence emission. Its photoexcitation takes place by 
electron transfer from the julolidine nitrogen to one of the nitrile groups. Relaxation takes 
place either via fluorescence emission or via non-radiative disexcitation from the TICT 
state involving intramolecular rotation around the vinyl double bond (orange arrow) 
and/or around the σ vinyl-julolidine bond (green arrow). If such rotations are hindered by 
reduced molecular free volume (corresponding to high viscosity environments), the 
relaxation occurs via an increased fluorescence emission. Furthermore, incorporation of 
the nitrogen donor within a fused ring system, such as the tricyclic julolidine motif, 
hampers rotation across the C-N bond and raises the energy barrier between the LE and 
the TICT conformations. By contrast, in low viscosity solvents, relaxation proceeds 
mainly via the non-radiative TICT pathway.14,15 It is worth noting that amongst C-C and 
C=C bonds, recent reports suggest that C-C rotation is too slow to quench the 
fluorescence, hence the cis-trans isomerization of the C=C bond is the major non-
radiative decay channel in these systems.23,58,59 Furthermore, quantum chemical 
computations indicated that in the excited state rotation around the connecting C-C bond 
is subject to a higher barrier than that found for the ground state, thus fluorescence loss is 
not completely rationalizable through rotation around this bond. However, calculation 
indicates that while rotation around the vinyl double bond is highly unlikely in the ground 
state, this process becomes favourable in the excited singlet state (Figure 1.10). Indeed, 
Figure 1.9 - Structure of DCVJ 
Figure 1.10 - Effect of torsion angle on the computed energies of the ground (blue) and first excited (light 
blue) states of DCVJ. Rotations against the aryl-alkenyl single bond (left) and the vinyl 
double bond (right) are considered41 
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as mentioned above for FMRs, the lowest-energy conformation for the first excited 
singlet state has the julolidene and dicyanovinyl subunits held in an orthogonal geometry. 
Thanks to the small gap in the TICT S1 state, the molecule is likely to revert to the ground 
state. Rotation around the vinyl double bond would lead to isomerisation of the 
compound, but this would not affect the absorption spectrum. As a consequence, 
isomerisation is likely to compete very well with radiative decay of the excited state.41 It 
is worth noting that computational calculations do not take in account solvent influences 
on the energy levels, however DCVJ emission exhibit only a slight solvatochromic shift 
whereas its fluorescence quantum yield is strongly influenced by the local 
microviscosity.15  
It has been proved that the ICT also occurs in case of one cyano group as electron 
accepting unit, thus is it possible to modify the chemical structure of DCVJ aiming to 
confer additional chemical properties to the molecule without adversely affecting its 
behaviour. Therefore, the substitution of one of the -C≡N groups with a different 
functional group does not affect the photophysical TICT state (Figure 1.11).60 
9-(2-Carboxy-2-cyanovinyl)julolidine (CCVJ) was later synthesized by Sawada in 1992 
as one of a series of fluorophores with greater water solubility, for use in studying 
association phenomena in biological systems.61-63  Photophysical behaviour of CCVJ is 
analogous to that of DCVJ, but its quantum yield is somewhat lower. This experimental 
finding has not been completely explained so far, and it is still subject of debate.15,61  
Several julolidine-based FMRs have been synthetized according the structure of Figure 
1.11, by introducing side chains of various nature in 
order to modify the properties of the fluorophore 
such as its solubility in polar or nonpolar solvents, 
but also by including functional groups, for 
example a polymerizable functionality or targeting 
moieties, without anyhow affecting the 
viscochromic behaviour.14,17,22,27,40,59,64  
1.2.2. FMRs as fluorescent probes 
Analytical techniques based on fluorescence measurements are more and more 
widespread thanks to their high sensibility, low costs, short response times and ease of 
application. The high sensitivity of fluorescence was used in 1877 to demonstrate that the 
Figure 1.11 - Synthetic handle of the FMR 
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rivers Danube and Rhine were connected by underground streams. This connection was 
demonstrated by placing fluorescein into the Danube. Some sixty hours later its 
characteristic green fluorescence appeared in a small river that led to the Rhine.33  
Most of ions and molecules, indeed, are not fluorescent so that an indirect method is 
required for their detection. Examples of such methods are: 
• Derivatization of the analyte with a fluorescent labelled compound. 
• Formation of fluorescent complexes using specific fluorescent ligand for the 
analyte. 
• Fluorescence quenching induced by the analyte. 
These techniques along with the possibility of dispersing fluorescent dyes in any 
environment, and the ease of fluorescence measurements, allow the development of new 
methods to assess physical properties previously determinable only trough destructive 
and expensive methods. Moreover, the improvement of new devices based on optical 
fibres, allowed, to optimize real-time measurements of quantities somehow linked to the 
fluorescence intensity. 
FMRs have become rather popular in the last 5-10 years thanks to their easy applicability 
as non-mechanical viscosity sensors, tools for protein characterization, and local 
microviscosity imaging. Remarkably, their sensitivity towards viscosity and viscosity 
changes has reached a precision comparable to that of commercial mechanical rheometers 
with shorter measurement time.14,65 
Conventional (i.e. mechanical) methods to measure viscosity, such as the capillary 
viscometer, the falling ball viscometer and the rotational viscometer have in common that 
in these methods, the sample is subjected to shear forces, and the resistance of the fluid 
to these forces (internal friction) is measured. The internal friction is proportional to the 
dynamic viscosity η and the velocity gradient (i.e. the shear rate) between layers of 
different velocities. Furthermore, typically fluid volumes (between 1 and 5 mL) are used 
and measurement process requires between 1 and 5 minutes: the relatively high amount 
of sample fluid and the slow measurement process preclude real-time viscosity 
measurements in small samples or localized regions (low spatial resolution). 
The introduction of fluorescence based methods to estimate local viscosity allowed a 
higher spatial resolution and rapid response time. The two most widespread methods are 
fluorescence anisotropy and fluorescence recovery after photobleaching (FRAP).66  
Typical anisotropy fluorophores, such as 1,6-diphenyl-1,3,5-hexatriene (DPH), can only 
be excited by light waves parallel to the excitation dipole of the molecule. Emission 
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occurs again in the plane of the dipole. However, during the excited lifetime, the molecule 
may rotate, changing the polarization plane, depending on the viscosity of the medium. 
As a consequence, the approximate microviscosity of the medium can be determined 
using fluorescence measurements using polarized light.67 FRAP technique is, instead, 
based on fluorophore diffusivity in a two-dimensional layer such as a cell membrane: a 
small spot of the cell membrane is photobleached by a strong focused laser pulse, then 
the exponential recovery of the fluorescence led by the fluorophore diffusion is monitored 
and related to the medium microviscosity.68 Both these methods are limited by the 
necessity of specialized equipment and by the low temporal and spatial resolutions. 
Fluorescent molecular rotors overcome these limits thanks to the direct dependence of 
their quantum yield on the viscosity of the medium. In particular those fluorophores that 
exhibit a single fluorescence emission are more suitable for the purpose. For such FMRs, 
the disexcitation from the TICT state occurs non-radiatively, and the only fluorescence 
emission occurs from the LE state and, therefore, not significantly affected by solvent 
polarity. Furthermore, since the TICT state formation depends on the possibility of the 
molecule to undergo an intramolecular rotation, which is, in turn, a function of the free 
volume of the microenvironment of the probe, here it is that high medium viscosity (low 
free volume) corresponds to inhibition of intramolecular rotation and then the balance of 
disexcitation processes shifts toward the radiative one, with an enhancement in 
fluorescence quantum yield. In other words, fluorescence simply increases with increased 
viscosity of the medium.  
A strict mathematical relationship between viscosity η and quantum yield Φ exists, and it 
is known as the Förster-Hofmann equation (equation (1.3))14:  logΦ = 𝐶𝐶 + 𝑥𝑥 ∙ log 𝜂𝜂 (1.3) 
where C is a constant depending from temperature and relaxation rates, and x is a solvent- 
and dye-dependent constant. This relationship has been derived analytically26,46,69 and 
verified experimentally:46,70 the data points of intensity over viscosity, drawn in a double 
logarithmic scale, would lie on a straight line with the slope x (equation (1.3)). It has been 
demonstrated that the power-law holds true over more than three viscosity magnitude 
orders.14 
The main advantages of fluorescence-based viscometry over mechanical measurements 
include small sample volumes needed to perform fluorescence measurements 
(microcuvettes typically have a volume of 100-250 μL) and the high speed of the readout. 
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By using fixed wavelength filters and optical fibres, intensity can be measured within 
fractions of a second, i.e. fluorescence can be monitored practically in real time. 
In a comparative study, the precision of fluorescent measurements relative to a 
conventional computerized low-viscosity cone-and-plate rheometer was assessed.22 
Back-calculating viscosity from fluorescence emission by using equation (1.3) yielded an 
accuracy of about 5%. Results (shown in Figure 1.12) demonstrate that it is possible to 
measure viscosity in bulk fluids by using molecular rotors. Furthermore, once calibrated, 
the fluorescence-based measurement process using FMRs can reach the precision and 
accuracy comparable with, or better than, conventional mechanical instruments, coupled 
with instantaneous response and high spatial resolution typical of fluorescent probes. 
 
Figure 1.12 - Precision comparison between a mechanical cone-and-plate viscometer and viscosity 
calculated from fluorescent intensity measurements22 
FMRs are also used in applications for which a qualitative rather than a quantitative 
determination of viscosity is sufficient, i.e., it is more interesting to know the change in 
viscosity rather than its absolute value. For example, cellular biomechanics are primarily 
determined by the cell membrane: its viscosity influences the activity of membrane-
bound proteins. As a consequence, changes in membrane viscosity have been linked with 
alterations in various physiological processes in the cell, particularly in conjunction with 
various disease states (atherosclerosis, cell malignancy, hypercholesterolemia, diabetes 
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and Alzheimer’s disease). Also, changes in plasma viscosity have been observed in 
conjunction with various disease and are mostly associated with altered protein levels 
(infections and infarction, hypertension, diabetes): plasma viscosity has been, indeed, 
proposed to be used as a diagnostic tool for the early detection of diseases.14,71  
FMRs have also been used to assess polymer molecular weight or tacticity as well as 
polymer dynamics.25-27 Since the fluorescence quantum yield of the dye is strictly related 
to the free volume in the host polymer, which, in turn, depends on its molecular weight, 
FMRs may be used to monitor the progress of polymerization processes. During the 
polymerization process, indeed, FMR mobility is progressively inhibited as the molecular 
weight of the polymer grows, with consequent reduction of the free volume. Typically, 
methods that study bulk polymer behaviour are insufficient for providing information 
about the polymer on a micro- or nano-scale, and are not designed for in-situ 
measurements. Fluorescent probes dispersed in the matrix or covalently incorporated into 
the polymer structure may work as real-time reporters of the local polymer dynamics:24 
they can be used to monitor the progress of many reactions involving changes in the 
viscosity (i.e. in the free volume) of polymeric materials such as polymerization, 
degradation, cross-linking, or processes such as thermal transitions, microphases 
formation, crystallization, swelling and gelation.72,73 
1.3. Organic fluorophores in polymeric matrices 
In the last decades, the employment of stimuli-responsive organic fluorophores coupled 
with commodities polymers, allowed the development of polymer-based optical 
indicators, the so-called “smart materials”. Typically used thermoplastic polymers are 
made of long flexible chains, characterized by a backbone of atoms connected through 
single covalent bonds. In such systems, electrons reside in low level orbitals with a very 
large energy gap between bonding and anti-bonding orbitals. As a consequence, these 
materials can absorb the electromagnetic radiation mainly in the near-UV so that they are 
usually transparent to wavelengths above 200-300 nm, namely they are colourless.4-6 
Nevertheless, there are a few exceptions: highly conjugated polymers (such as 
polythiophenes, polypyrroles, polyanilines etc.) exhibit adjustable conduction and 
absorption/emission properties thanks to the high mobility of electrons along their 
backbones. However these materials are characterized by a rigid backbone that adversely 
affects the typical viscoelastic behaviour of thermoplastic polymers, which is related to 
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the high entropy gain provided by the easy coiling of the flexible chains.74 As a 
consequence, the better way to obtain smart materials with excellent thermomechanical 
properties and optical responsivity is the addition of a fluorescent organic dye into a 
polymer matrix.  
Two possible procedures must be followed in order to prepare materials showing both 
typical thermoplastic polymer properties (namely viscoelasticity) and optical response to 
visible light.4 
The first approach is based on the principle that a coloured polymeric material can be 
obtained by dispersing a suitable dye in the bulk of the pristine, colourless, polymer 
matrix. The macromolecules remain structurally unaltered, and the system is generally 
biphasic unless the dyes are fully soluble in the polymer. The dispersion method is largely 
applied to commodity plastics and it is the conventional method used for pigmented 
materials. In this case, the dye is able to provide functional properties that go beyond the 
merely aesthetic purposes. 
The second approach consists in covalently bonding chromophoric units onto the 
macromolecular chains, allowing the backbone to remain stable and flexible. The 
resulting polymer exhibit colour and intensity determined, respectively, by the selected 
chromophore and the extent of chemical modification in terms of chromophore 
concentration. On the molecular level, the polymer chains have the structure of a 
copolymer with random or block distribution of colourless and coloured monomer units. 
This approach can be somewhat limited by the chemical modification possibility of both 
the macromolecule and the dye.  
Dye-polymer dispersion can be realised either in solution o in the molten polymer mass 
by using compounding apparatuses, depending on the physico-chemical characteristics 
of the mixture’s components. In the case of those polymer composed of functional 
repeating units which can be highly compatible with the chemical structures of dyes (for 
example poly(methyl methcrylate), polystyrene or poly(ethylene terephtalate)), 
homogeneous dye-polymer solid mixtures can be obtained by film casting.75 The process 
Figure 1.13 - Process of film casting in an open mould4 
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involves the dissolution of  polymer beads 
or powder along with the desirable amount 
of dye in a suitable solvent, pouring of the 
solution into a mould and evaporating the 
solvent at room temperature or by heating 
(Figure 1.13). However, when the 
polymer matrix is completely apolar and 
non-interacting with the dye (as often 
happens for polyethylene and polypropylene), miscibility and compatibility may be 
limited, thus a phase-separation during casting and drying may occur. In this case, dye-
polymer blends can be realised by means of continuous mechanical mixers, which are 
able to disperse the dye thoroughly in the polymer bulk thanks to the shearing forces that 
overcome the interfacial tension which tends to resist the dispersion of dye agglomerates 
(Figure 1.14).4 
The introduction of chromophoric unit into polymers through covalent bonding, can be 
achieved through different pathways depending on the type of dye and polymer. Scheme 
1.1 illustrates the typical methods to incorporate fluorophores into the polymer structures. 
Firstly, directly linking the fluorophore containing monomers (Scheme 1.1 A) or 
copolymerizing them with other non-fluorescent monomers (Scheme 1.1 B) can both 
generate polymers with fluorophores embedded in the main chain. Also, non-fluorescent 
precursors can polymerize and react to 
generate a fluorescent core in the main 
chain (Scheme 1.1 C). Fluorophores can 
also be attached on the polymer as side 
chains, for example by binding them on a 
polymerizable monomer, which then 
undergoes to homo- or copolymerization 
to afford linear chains with hanging 
emitting units (Scheme 1.1 D and E). 
Another interesting design is to use 
fluorophore-containing initiators to initiate 
polymerization, resulting in linear 
polymers with a fluorescent termination 
(Scheme 1.1 F). 
Figure 1.14 - Process of melt extrusion of a  
dye-polymer composite4 
Scheme 1.1 - Strategies toward covalent bonding of 
fluorophores and polymer chains12 
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Beside direct polymerizations, common polymers may also be modified to obtain 
fluorescent polymers through polymer reactions. One method is to directly attach 
fluorophores to the polymer backbone (Scheme 1.1 G). An alternative way is to construct 
new fluorophores through the reaction between a non-fluorescent polymer and small 
molecular precursors (Scheme 1.1 H). It is also possible that non-fluorescent polymers 
become highly emissive upon reaction with bulky compounds (Scheme 1.1 I). 
Furthermore, if the polymer has terminal functional groups, it can react with fluorophores 
with one or two reaction sites to afford polymers with a terminal or central fluorescent 
unit (Scheme 1.1 J and K).12 
As discussed above, polymers containing dispersed or covalently bonded FMRs may 
result useful for the determination of those factors, internal or external to the matrix, 
which could modify its viscosity. For example, the exposure to solvent vapours can 
influence the viscosity of the polymer by the diffusion through the macromolecular chains 
that increase their mobility. Notably, the decrease in viscosity can be detected thanks to 
the change in FMRs optical properties.  
1.3.1. Polymer-based optical indicators for volatile organic 
compounds detection 
Nowadays, the detection of VOCs is an important issue considering that they are 
continuously released into the environment by different sources such as industrial 
processes, transportation, agriculture, as well as indoor applications, and some of them 
have adverse effects on human health.76,77 VOCs are usually characterized with low 
boiling point and high vapour pressure at standard conditions, thus they may rapidly fill 
an enclosed environment. Because of their toxic nature, in many states there are 
regulations setting a limit to VOCs emission. Furthermore, current pressing concerns in 
global security have stimulated the development of new fluorescent materials, with 
various sensing mechanism, in order to detect explosives in the vapour phase.78,79 Because 
VOCs are not fluorescent, an indirect method is required to detect them through 
fluorescence measurements. Most fluorescence-based systems utilize fluorophore species 
that undergo a change in their emission properties upon interaction with analytes in the 
vapour phase. In theory, any phenomenon that results in a change of fluorescence 
intensity (quenching or enhancement), wavelength, anisotropy or lifetime as a function 
of VOCs exposure, has the potential to be used to sense VOCs.  
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Colorimetric sensor systems are of particular interest thanks to their effectiveness, 
simplicity, prompt response and low costs. Emerging strategies for the colorimetric and 
specific detection of VOCs are based on fluorophores embedded in plastic materials or in 
fluorescent conjugated polymers.28,80-82 Since their chemical and physical properties may 
be tailored over a wide range of characteristics, the use of such vapochromic polymers is 
finding a permanent place in sophisticated measuring devices such as sensors. In 
particular, thin film technologies based on polymer-dye systems have been largely 
investigated for the realization of so called “electronic noses”, optoelectronic devices able 
to recognize a wide range of VOCs, also at low concentrations (few mg×L-1).76,83,84 The 
great effectiveness of these systems originates from the VOCs’ ability to penetrate into 
the polymer matrix and interact with the sensitive fluorophore unit, giving rise to a prompt 
response. Furthermore, polymer films can be easily deposited on many surfaces, further 
broadening the field of possible applications. Depending on the nature of both, the 
polymer matrix and the sensitive element, the response may be optical or electronical.76,81 
Examples of polymer-based VOCs sensing system are reported below for polymer-dye 
blends, fluorescent polymers and covalently linked fluorophore-polymer systems. 
As previously mentioned, the mixing of functional molecules into polymers allows to 
obtain new responsive materials without the need to synthetize a novel polymer structure. 
The design of new fluorescent vapochromic materials based on fluorophore-polymer 
blends, relies on the interactions between fluorophore and analyte that must be stronger 
than those of a simple physical adsorption. Indeed, the energy of the stimulus is properly 
transduced into optical variations (i.e. absorption, emission, refractive index) as a 
function of external interference. Chemically responsive fluorophores generally fall into 
four classes: (a) fluorophores with large permanent dipoles that respond to local polarity 
(e.g. solvatochromic fluorophores), (b) pH indicators that respond to Brønsted 
acidity/basicity, (c) dyes containing metal ions that respond to Lewis basicity (i.e. 
electron-pair donation, metal-ion bonding) and (d) fluorophores with segmental mobility 
that respond to local viscosity (e.g. 
AIEgens and FMRs). 
For example, the solvatochromic 
properties of a dimethylaminostyryl 
terpyridine derivative fluorophore (Figure 
1.15) in polymer films such as poly(methyl 
methacrylate) or polystyrene was Figure 1.15 - dimethylaminostyryl terpyridine derivative85 
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investigated by Schmehl et al.85 for use in vapochromic sensing toward a variety of 
solvents. The polymers absorbed and concentrated the analyte vapours, thereby 
influencing the environment surrounding the fluorophore embedded in the polymer itself. 
The higher the affinity between the solvent and the polymer, the strongest the 
solvatochromic effect exhibited by the fluorophore.  
Fluorescent vapochromism was also extended by Kumpfer et al.86 to organometallic 
fluorophores dispersed via solution casting into poly(methyl methacrylate) films. It is the 
case of the square-planar platinum(II) complex of the 4-dodecyloxy-2,6-bis(N-
methylbenzimidazol-2′-yl)pyridine ligand showed in Figure 1.16. The greenish-yellow 
emission of the as cast film, shifts to longer wavelengths resulting in a red-orange 
emission with an intensity of three to five times the pristine film’s one. The mechanism 
behind the vapochromism was shown to be related to a structural rearrangement of the 
Pt(II) complex promoted by acetonitrile vapours resulting in an increased number of 
shorter intermolecular Pt-Pt interactions. Interestingly, the phenomenon is reversible: 
heating the film to drive off the solvent restores the original film emission. 
 
Figure 1.16 - Pt(II) complex structure and images showing the luminescence from a 10 wt% in PMMA 
thin film under irradiation (365 λexc. nm) before and after exposure to acetonitrile vapours 
(left-middle). Emission spectra recorded on the same film during a 900 sec vapour exposure 
at 30 s intervals (right)86 
Among the different classes of fluorophores utilized as vapochromic probes in polymer 
blends, those that show viscosity- or aggregation- dependent fluorescence have recently 
been reported as one of the most effective for the detection of VOCs.16,59,87 
Minei et al. reported an interesting vapochromic system based on poly(methyl methacrylate) 
films doped with 0.05-0.1 wt% of 4-(diphenylamino)phtalonitrile (DPAP), a FMR 
sensitive to both solvent polarity and viscosity.19 DPAP was reported to exhibit a unique 
deactivation pattern of the ICT state: in low and medium polar solvents, DPAP exhibits 
a strong emission, whereas in high polar and protic solvent DPAP is non-emissive since 
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its ICT state is stabilized. Moreover, like common FMRs, DPAP showed viscosity-
dependent emission propertied. DPAP/PMMA films were shown to exhibit a good and 
reversible vapochromism when exposed to VOCs with high polarity index and favourable 
interaction with polymers such as chloroform and acetonitrile (Figure 1.17). The origin 
of this effect was attributed to solvent induced changes in the local polarity and viscosity 
of the medium, analogously to what previously reported by Martini et al.30 
 
Figure 1.17 - DPAP structure and images showing the luminescence from a 0.05 wt% in PMMA film under 
irradiation (366 λexc. nm) before and after exposure to chloroform vapours (left-middle). 
Emission spectra recorded on the same film during a 300 sec vapour exposure at 60 s intervals 
(right)19 
Fluorescent conjugated polymers are an intriguing class of materials for fluorescent 
vapochromism, since their highly efficient exciton migration results in high sensitivity 
for fluorescence quenching sensing. Electron-poor vapours adsorb onto the electron-rich 
polymer backbone favouring the photoinduced electron transfer from the conjugated 
macromolecule (donor) to the adsorbed analyte (acceptor) via a non-radiative pathway 
(Figure 1.18). The process requires a wavefunction overlap between the donor and the 
acceptor, i.e. it can only occur at short distances such as those of vapour adsorption on 
the macromolecular backbone. Binding of a single molecule can quench the fluorescence 
from hundreds of polymer repeating units, resulting in an amplification of the quenching 
response, the so called “superquenching”. Leading examples of this class of polymers are 
represented by poly(phenylene ethynylene) (PPEs) and poly(phenylene vinylene), which 
have been extensively studied for the trace detection of explosives such as nitroaromatic 
compounds. These fluorescent conjugated polymers contain electron-rich aryl rings, 
which form favourable π-π interactions to bind the electron-poor nitroaromatic 
derivatives. Swager et al.88 demonstrated that efficient sensing requires the incorporation 
of bulky groups, such as pentiptycene moieties, within the polymer in order to prevent 
self-quenching between polymer chains in the solid state. The pentiptycene containing 
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poly(arylene ethynylene) demonstrated to be highly sensitive to trinitrotoluene (TNT) 
vapour as well as other common contaminants of landmines and improvised explosives 
devices. The device is commercially available with the tradename “Fido”, allows for the 
real-time monitoring of fluorescence intensity as a function of exposure against 
nitroaromatic vapours, with a femtogram sensitivity comparable to those of trained 
canines.89 
 
Figure 1.18 - Structure and schematic representation of porous film for analyte docking (left). Band diagram 
depicting quenching mechanism resulting from electron transfer from PPE to analyte (right) 88 
Another interesting class of luminescent macromolecules are the AIE polymers. AIE 
macromolecules represent the extension to polymeric systems of the aggregation-induced 
emission concept already seen in section 1.2 for small propeller-like molecules. Notably, 
these systems exhibit an array of functional properties that suggest potential applications 
as chemosensors as well as solid state light emitting materials and bioprobes for in vitro 
and in vivo imaging applications.12 Tang et al.90 reported the synthesis of polyacrylates 
with glycogen-like structures containing tetraphenylethene moieties along the polymer 
backbone. The polymer, when deposited over a thin layer chromatography (TLC) 
exhibited a strong vapochromism (Figure 1.19). The polymer emission was tuned off and 
Figure 1.19 - Sketch of glycogen-like structure of proposed AIE polymer and monomer structure where R 
groups may be 1 (red), 2 (blue), 3 (orange) or 4 (black) polymer chain(s) (left-middle), 
photographs of spots of the polymer deposited on TLC plates before (top) and after (middle) 
1 minute of exposure to dichloromethane vapour. The bottom photograph was taken after the 
vapours had been evacuated (right)90 
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on continuously and reversibly by wetting and de-wetting processes by VOCs.  
It is worth noting that VOCs-dependent fluorescence quenching has been reported also 
for materials based on low molecular weight molecules.  
For example, Caron et al.91 reported of a highly π-conjugated phenylene-ethynylene 
diimine (Figure 1.20, left), which is highly emissive in the solid state, but its emission is 
quenched by adsorption of nitroaromatic molecules on its specific adsorption sites. In the 
presence of nitro aromatic compounds, the emission of the fluorophore is quenched due 
to a charge transfer mechanism, as previously seen in the case of conjugated polymers. 
Dong et al.92 reported about a tetraphenylethene derivative (Figure 1.20, right) whose 
emission from a spot on a TLC plate, is turned off when exposed to saturated VOCs 
vapours. The material becomes emissive again when the solvent is evaporated. The 
vapochromic behaviour is explained considering that solvent vapour may have condensed 
and formed a thin liquid layer on the surface of the TLC plate, which dissolves the 
adsorbed luminogen molecules and, as a consequence, quenches their emission. After 
solvent evaporation, the molecules aggregate and hence emit again. Since the involved 
process is a non-destructive physical cycle of dissolution (disaggregation)-aggregation, 
the “off/on” switching is completely reversible and repeatable, a crucial factor for the 
realisation of an efficient optical indicator. 
 
Figure 1.20 - Low molecular weight VOCs sensing systems: phenylene-ethynylene diimine (left) and 
diphenylated tetraphenylethene (right)91,92 
1.4. Permeation processes in polymeric matrices 
Permeation and diffusion of small molecules through polymer films has drawn great 
attention especially for its practical applications. It is an important and in some cases, 
controlling factor in several applications such as protective coatings, membrane 
separation processes and packaging of foods and beverages.  
The diffusion of small molecules into polymers is a function of both the polymer and the 
diffusant. Factors which influence diffusion include: the molecular size and physical state 
of the diffusant; the morphology of the polymer; the compatibility or solubility limit of 
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the solute within the polymer matrix; the volatility of the solute and the surface or 
interfacial energies of the films.93  
The transport of small molecules through a polymer membrane occurs due to random 
molecular motions of the individual diffusant molecules. The driving force of the process 
which involves absorption, diffusion and permeation, is the concentration difference 
between the two sides of the membrane: the diffusion aims to rebalance the chemical 
potential difference that arises from such difference in concentration.94 This concept was 
first formulated by Fick in 1855. By analogy with Fourier’s law of heat conduction, Fick 
proposed the law of mass diffusion which is stated as […] “the mathematical theory of 
diffusion in isotropic substances is based on the hypothesis that the rate of transfer of 
diffusing substances through unit area of a section is proportional to the concentration 
gradient measured normal to the section”.95  
Fick’s law of diffusion combined with Henry’s law of solubility (which accounts for the 
dissolution of the gas in the membrane) gives the so called “permeation equation” which 
is mathematically expressed as: 
𝐽𝐽 = 𝐷𝐷 ∙ 𝑆𝑆(p2 − p1)
ℎ
 (1.4) 
where J is the rate of transfer per unit area of section, D is the diffusion coefficient (or 
diffusivity), S is the solubility coefficient, h the film thickness and p1 and p2 are the partial 
pressures on the two sides of the film. The product of D·S is often referred to as 
permeability coefficient (P). It is worth noting that the solubility parameter S is of 
fundamental importance because highlights how interactions between the diffusant and 
the polymer chains plays a major role in the permeation of the film. For the same thickness 
h, a larger solubility coefficient will result in an increased flow through the membrane 
since in addition to the diffusion phenomenon, also the relaxation of the polymer chains 
occurs, due to the interactions with the solvent which increases the free volume.96 
The transport behaviour for a given penetrant varies from one polymer to another. 
Transport properties depend on the free volume within the polymer and on the segmental 
mobility of the polymer chains. The latter is in turn affected by the extent of unsaturation, 
degree of cross-linking, degree of crystallinity and nature of substituents.  
The concept of “free volume” (Figure 1.21) to explain permeation phenomena, was first 
introduced by Batschinski in 1913,97 postulating the inverse relationship between the 
viscosity and the free room in a liquid system. Subsequent studies based on the free 
volume theory,98-100 led to the formulation of the well-known Williams-Landel-Ferry 
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(WLF) equation (equation (1.5)).101  log� 𝜂𝜂
𝜂𝜂𝑔𝑔
� = − 17.44(𝑇𝑇 − 𝑇𝑇𝑔𝑔)[51.60 + �𝑇𝑇 − 𝑇𝑇𝑔𝑔�] (1.5) 
This empirical equation relates the viscosity η to the temperature T as a function of the 
viscosity ηg measured at the glass transition temperature Tg, and therefore shows the 
influence of temperature on the viscosity and mobility of polymer chains. Notably, the 
glass transition temperature (Tg) of polymers has a great influence on transport properties: 
polymers with low Tg are characterized by a greater segmental mobility and will have 
high diffusivity. On the contrary, glassy polymers, namely amorphous polymers with Tg 
above the working temperature (usually room temperature), are characterized by hard and 
brittle moiety with restricted chain mobility. Rotation about the chain axis is limited and 
motion within the structure is largely vibratory within a frozen quasi-lattice. The dense 
structures have very little free volume (0.2-10 %), therefore permeation processes will be 
highly hampered in glassy polymers compared to that in rubbery (low Tg) polymers.94 
Several other factors contribute to transport processes: 
• Molecular weight of the polymer: as polymer molecular weight increases, the 
number of chain ends decreases. Chain ends represent a discontinuity in the 
system, and may form sites for permeant molecules to be absorbed into glassy 
polymers. The diffusivity of a range of VOCs into glassy polystyrene has been 
reported to be decreased of an order of magnitude as molecular weight increased 
from 10,000 to 300,000 g×mol-1.102 
 
Figure 1.21 - Representative illustration of the "free volume" concept 
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• Cross-linking: the degree of cross-links increases polymer rigidity and decreases 
the free volume: Barrel et al.103 studied the diffusion of alkanes through rubbers 
and reported that for low levels of cross-linking, the diffusivity decreased linearly 
with an increase in cross-link density, then the rate of decrease levelled off at high 
cross-link density. 
• Fillers: the diffusion and transport in filled polymers depend upon the nature of 
the fillers, the degree of adhesion and their compatibility with the matrix. If the 
inert filled used is compatible with the polymer, it will take up the free volume 
within the macromolecules, creating a tortuous path for the permeating molecules. 
On the contrary, when the filler is incompatible with the polymer, voids tend to 
occur at the interface, leading to an increase in free volume of the system and, as 
a consequence, in the permeability of the film.95 
• Temperature: diffusivity, absorptivity and permeability coefficients vary with 
temperature according the Arrhenius relationships:104,105 D = 𝐷𝐷0𝑒𝑒𝐸𝐸𝐷𝐷/𝑅𝑅𝑅𝑅 (1.6) S = 𝑆𝑆0𝑒𝑒𝛥𝛥𝛥𝛥𝑠𝑠/𝑅𝑅𝑅𝑅 (1.7) P = 𝑃𝑃0𝑒𝑒𝐸𝐸𝑝𝑝/𝑅𝑅𝑅𝑅 (1.8) 
where ED and Ep are the activation energies of diffusion and permeation 
respectively, ΔHs is the heat of solution of the penetrant in the polymer, and D0, 
S0 and E0 are the pre-exponential factors.  
• Plasticizers: the addition of plasticizers to a polymer results in increased 
segmental mobility and, usually, in an increased penetrant transport. The effect of 
plasticizers and humidity have been thoroughly studied by Stannet et al.106 
• Nature of the penetrant: the size and shape of the penetrant molecule will influence 
its rate of transport within the polymer matrix. Not surprisingly, a decrease in 
diffusivity has been observed with an increase in the size of the penetrant. Also 
the shape is an influential factor: for instance, flattened or elongated molecules 
have higher diffusion coefficients than spherical molecules of equal molecular 
volume.102,107 The effect of size and shape is much more marked in glassy than in 
rubbery polymers. 
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1.4.1. Solvent vapour permeation processes in glassy polymers 
As stated previously, the permeation of a vapour in a glassy polymer is highly hampered 
from the rigid structure of the membrane. However, it must be also considered the 
penetrant nature and its interaction with the polymer matrix. In the case of vapours of 
good solvents for the polymer, indeed, the permeation process is accompanied by the 
dissolution process due to the interactions between the vapour and the matrix.  
Permeation processes of a solvent vapour through a polymer membrane have not yet been 
explained comprehensively, but several models have been proposed for the 
purpose.93,108,109 
When an amorphous glassy polymer is in contact with a thermodynamically compatible 
solvent, the latter will diffuse into the matrix. Due to plasticization of the polymer by the 
solvent, a gel-like swollen layer is formed between the pure solid film and the solvent-
rich vapour phase.109 This gel-like state is characterized by large free volume content due 
to the relaxation of polymer chains and enhanced mobility induced by the reduction of 
interchain interactions. If the solvent vapour is not desorbed after an induction time, 
which terminates when the concentration of the penetrant in the polymer exceeds a critical 
value, chain disentanglement begins, and true dissolution occurs.108 
The dissolution process is closely related to the interactions between the solvent and the 
polymer chains. Such interactions may be evaluated by means of the Flory-Huggins 
interaction parameter χ, which expresses the affinity of a solvent toward a polymer as a 
function of temperature T:110,111 
χ = Δ𝜔𝜔
𝑘𝑘𝑇𝑇
 (1.9) 
where k is the Boltzmann constant and Δω represents the interexchange energy between 
interacting species, namely, the difference in energy of a solvent molecule in pure solvent 
compared to its immersion in pure polymer. Δω depends on both the solvent and the 
polymer nature. Small χ values represent well-interacting solvent-polymer pairs.112  
It is worth noting that Flory related intrinsic viscosity to polymer molecular weight and 
the chain-expansion factor. The latter can, in turn, be related to the polymer-solvent 
interaction parameter χ using the Flory-Huggins theory.5,113 
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2.    Aim of the work 
In order to obtain a “smart polymer” sensitive to VOCs, it is necessary to identify a system 
able to significantly change one of its easily-measurable properties upon exposure to 
VOCs.  
Such a system can be a material in which glassy polymers and FMRs are combined. As 
explained in section 1.4.1, VOCs that have good affinity with the polymer will increase 
free volume and chains mobility by acting as plasticizers, thereby decreasing the local 
microviscosity of the polymer matrix. Furthermore, as seen in section 1.2.2, julolidine 
containing FMRs are in turn sensitive to the viscosity of the medium in which they are 
dispersed, lowering their fluorescence emission intensity as the local microviscosity 
decreases. 
In a previous work of our group, dispersions of julolidine derivatives in polystyrene 
matrix were shown to be sensitive to VOCs vapours.30  
In this work, the design, synthesis and characterization of a new polymerizable FMR 
based on a hydroxymethylmethacrylate monomer functionalized by a cyanovinyl-
julolidine moiety will be described. The novel fluorophore will be then copolymerized 
with styrene aimed to obtain new fluorescent vapochromic polymers with enhanced 
VOCs sensitivity owing to the covalent bonding between the fluorophore and the host 
matrix. The new “smart polymers” will be characterized, and their response upon 
exposure to different VOCs will be recorded and discussed. 
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3.    Results and discussion 
3.1. Synthesis of FMR 2-(methacryloxy)ethyl-2-cyano-3-
julolidin-acrilate
Dispersion of FMR fluorophores into a polymer matrix may result in the aggregation of 
the fluorophore and its subsequent phase segregation, leading to a limited sensitivity to 
the viscosity of the surrounding medium.4 A better interaction between the fluorophore 
and the matrix can be obtained by covalently binding the fluorophore to the polymer itself. 
For the purpose stated above, the covalent bonding of the fluorescent vapochromic unit 
onto the polymer backbone has been achieved through the copolymerization of styrene 
with a cyanovinyl-julolidine functionalized hydroxyethylmethacrylate monomer. 
The chemical structure of the FMR was designed so that julolidine moiety acts as an 
electron donating unit, the cyano group acts as an electron acceptor unit and the 
methacrylate group allows the compound to be polymerized.
The reaction pathway for the synthesis of the designed monomer 2-(methacryloxy)ethyl-
2-cyano-3-julolidin-acrilate (JCAEM), is shown in Scheme 3.1. 
 
Scheme 3.1 - Reaction pathway for the synthesis of JCAEM FMR 
The first step was the formylation of julolidine via the Vilsmeier-Haack reaction. In this 
reaction, electron-rich arene - julolidine - reacts with the so-called “Vilsmeier-Haack 
reagent”, namely a substituted chloroiminium ion formed in situ from a substituted amide 
- DMF - and POCl3.114,115 The reaction mechanism is shown in Scheme 3.2.  
Working in anhydrous conditions is the key issue to achieve good yields, as water may 
react with POCl3 preventing the formation of the latter’s complex with DMF. The yield 
of the reaction may also be increased by allowing the hydrolysis of the ionic intermediate 
to proceed for a longer time. In this step, attention must be taken to neutralize any acidic 
species that may form, as they would protonate the julolidine and hamper its removal 
from the aqueous phase. During this stage, is it possible to notice a change in colour from 
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green to brown-yellow. The purified product was obtained with a yield of 67%, that is 
comparable with previously reported.30 
The second step was the esterification between cyanoacetic acid (CA) and 2-hydroxyethyl 
methacrylate (HEMA) using N,N’-Dicyclohexylcarbodiimide (DCC) as the coupling 
agent (Steglich esterification).114,116 The reaction involves the formation of an O-
acylisourea intermediate from the reaction of the carboxylic acid with DCC. Then, the 
alcohol adds to the activated carboxylic acid forming the N,N’-dicyclohexylurea (DCU) 
and the ester. From a formal standpoint, the reaction consists of an esterification reaction 
in which DCC acts as a favourable acceptor for water and is converted to DCU. The 
reaction mechanism is shown in Scheme 3.3.  
Again, working in anhydrous conditions is foundamental. Water may indeed lead both to 
the hydrolysis of the newly-formed ester and to the direct conversion of DCC to DCU. 
The latter is a fine powder and it is formed in an equimolar amount to the desired ester. 
Its complete removal is quite difficult and can be accomplished through several filtration 
steps, at the expense of the overall yield. However, according to literature,117 a good yield 
of 77% was obtained. 
It is worth noting that the reaction takes place at room temperature, and this is 
advantageous whenever one of the substrates could undergo thermally-initiated 
degradation or polymerization (such as in this case) when exposed to less-than-mild 
conditions. 
The last step was the coupling of the two products described above to afford the final 
FMR: 2-(methacryloxy)ethyl-2-cyano-3-julolidin-acrilate. FJUL and CAEM were let to 
Scheme 3.2 - Mechanism of the Vilsmeier-Haack reaction, formylation of julolidine 
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react through a piperidine-catalysed Knoevenagel condensation.114,118 The reaction 
involves the nucleophilic addition of an active hydrogen compound to a carbonyl group, 
followed by a dehydration step, to afford the substituted α-cyanoacrylate. The reaction 
mechanism is shown in Scheme 3.4. 
 
Scheme 3.3 - Mechanism of the Steglich esterification between CA and HEMA 
 
Scheme 3.4 - Mechanism of the Knoevenagel condensation between FJUL and CAEM 
The target molecule was obtained after two solvent recrystallization as a bright-yellow 
solid with a yield of 72%. 
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3.2. Optical characterization of JCAEM powder 
The emission spectra of JCAEM powder is shown in Figure 3.1. 
 
Figure 3.1 - Fluorescence emission (λexc. = 430 nm) of JCAEM powder 
JCAEM exhibits fluorescence maximum at 565 nm due to the radiative decay from the 
LE state of the fluorophore in the aggregated solid state where any internal rotation of the 
FMR is forbidden.  
3.3. Optical characterization of JCAEM solutions 
Optical properties of JCAEM were assessed in CHCl3 solution. Absorption and 
fluorescence (λexc. = 430 nm) spectra of 3×10-6 M CHCl3 JCAEM solution are shown in 
Figure 3.2. 
The solution shows an absorption maximum at 453 nm, and an emission maximum at 488 
nm. The large shift in the position of the emission maximum between the solid and the 
dissolved dye is ascribed to aggregation effects that occur in the solid state. It has been 
shown that a similar compound (i.e. di(cyanovinyl)julolidine (DCVJ)), shows a 
concentration dependence of it emission spectrum in aqueous solutions:57 at high DCVJ 
concentrations (greater than 1×10-5 M), a longer wavelength band appears, and increases 
relative to the shorter wavelength band as a function of increased DCVJ concentration. 
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The longer wavelength emission is ascribed to the association in the ground state and 
subsequent excimer formation, however it is not visible in any low dielectric constant 
solvent.57 Unlike common fluorophores showing aggregation-caused quenching - thus 
not emissive in the solid state - JCAEM exhibits aggregation-induced emission  effect, 
showing therefore a  bright emission in the solid state. Similar donor-acceptor charge 
transfer molecules are known from literature showing the same large shift between the 
solid state and the solution emission and AIE effect.23,119 
The molar absorptivity coefficient for JCAEM was calculated using the Lambert-Beer 
equation obtained from 5×10-7 - 1×10-5 M CHCl3 solutions as shown in Figure 3.3, and 
resulted to be 57,450 M-1×cm-1. As expected, fluorescence quantum yield was negligible 
(~ 3×10-4 - v. Table 3.2) due to the formation of the TICT excited state, which rapidly 
decayed following a non-radiative pathway involving internal rotation.14,59 
 
Figure 3.2 - UV-Vis absorption (black) and fluorescence emission (red, λexc. = 430 nm) of 3×10-6 M CHCl3 
JCAEM solution 
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Figure 3.3 - UV-Vis absorption spectra vs. molar concentration of CHCl3 JCAEM solutions       
Inset: Lambert-Beer law fit of experimental data 
The AIE properties of JCAEM were studied when a substantial amount of water was 
added into its methanol solutions (the use of methanol instead of shloroform was required 
considering that the good and the poor solvents should be miscible, therefore methanol 
and water were chosen as the solvent pair). Increasing the water fraction in the solvent 
mixture changes the existing form of JCAEM from molecularly dispersed in pure 
methanol to aggregated particles in the mixtures with high water content. The UV-Vis 
absorption and fluorescence emission spectra of JCAEM in methanol/H2O mixture at 
different water fractions are shown in Figure 3.4 and Figure 3.5. 
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Figure 3.4 - UV-Vis absorption spectra of 5×10-6 M solution of JCAEM in methanol/H2O mixtures 
As the water content in the mixtures increases, the absorption spectra exhibited an 
obvious red shift, however only when the water content exceeds 90%, it is possible to 
observe a variation in the shape of the spectrum that widens toward low wavelengths. 
Regarding the emission spectra, one might expect that an increase in the water content in 
the mixtures would cause a consequent increase in the emission of the dye, as its 
aggregation is known to enhance the fluorescence by blocking non-radiative pathways of 
disexcitation.54,55 Contrary to expectations, the emission intensity of the mixtures was 
found to decrease for mixtures containing increasing quantity of water (up to 90%). The 
lowering in the fluorescence emission is accompanied by a distinct red shift in the 
emission maximum. Both the phenomena are to be ascribed to the increase in the 
dielectric constant of the medium moving from 33.0 for methanol to 76.1 for the mixture 
with the highest water content: an increase in the polarity of the solvent results, indeed, 
in a greater stabilization of the TICT state thus promoting also the non-radiative 
decay.9,15,16,52 
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Figure 3.5 - Fluorescence emission spectra of 5×10-6 M solution of JCAEM in methanol/H2O mixtures 
(λexc. = 430 nm) 
A further increase in water content causes the aggregation of JCAEM: when the water 
fraction was increased from 90 to 95%, a new longer wavelength band appears, and its 
emission enhanced suddenly, as expected from the AIE effect. A similar behaviour was 
already known in literature for FMR-AIEgens.120-122 
Physical and optical properties of the mixtures are resumed in Table 3.1. 
Table 3.1 - Physical and optical features of 5×10-6 JCAEM solutions in methanol/H2O mixtures 
MeOH/H2O Abs.max Emis.max na (RI)b εa Φa 
100:00 v/v 453 nm 492 nm 1.332 33.0 3.6×10-4 
90:10 v/v 458 nm 495 nm 1.332 37.3 4.1×10-4 
80:20 v/v 460 nm 498 nm 1.332 41.6 4.0×10-4 
70:30 v/v 463 nm 500 nm 1.331 45.9 3.8×10-4 
60:40 v/v 465 nm 501 nm 1.331 50.2 3.5×10-4 
50:50 v/v 466 nm 502 nm 1.331 54.6 3.1×10-4 
40/60 v/v 467 nm 503 nm 1.331 58.9 2.8×10-4 
30:70 v/v 468 nm 504 nm 1.331 63.2 2.3×10-4 
20:80 v/v 468 nm 505 nm 1.330 37.5 2.4×10-4 
10:90 v/v 467 nm 506 nm 1.330 71.8 2.5×10-4 
05:95 v/v 466 nm 589 nm 1.330 79.9 1.8×10-3 
a) Calculated as explained in sections 5.6.10, 5.6.11 and 5.6.13; b) Refractive Index 
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In order to evaluate the effect of medium viscosity on the fluorophore emission, solutions 
of JCAEM in methanol/glycerol mixtures were prepared and analysed. Glycerol is a very 
viscous liquid, whose viscosity at 25 °C is 934 mPA×s, ~1560 times higher than that of 
methanol (0.6 mPA×s). Mixing glycerol with methanol will thus afford liquid mixtures 
with dramatically different viscosities. 
As it can be seen in Figure 3.6 and Figure 3.7, the change in the viscosity and dielectric 
constant of the medium, results in the variation of the optical features of the fluorophore. 
JCAEM exhibited a small (~10 nm) bathochromic shift of the absorption and emission 
maximum as the dielectric constant value is increased from 33.0 for methanol to 41.4 for 
the mixture with the maximum amount of glycerol (v. Table 3.2). This was primarily 
attributed to the solvent stabilization of the excited intramolecular charge-transfer state.69 
The small solvatochromic response is however accompanied by a noteworthy 25 times 
increase in the fluorescence quantum yield as the viscosity of the solution is increased 
from 0.6 mPa×s for methanol to 630 mPa×s for the 10:90 mixture (v. Table 3.2). The 
“viscochromic” effect is easily explained with the restriction of the internal rotations 
owing to the increased viscosity. When this happens, the transition from the LE state to 
the TICT state is hindered, thus the excited state relaxation occurs via enhanced 
fluorescence emission.16,23,41,123 
Physical and optical properties of the mixtures are resumed in Table 3.2. 
 
Figure 3.6 - UV-Vis absorption spectra of 5×10-6 M solution of JCAEM in methanol/glycerol mixtures 
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Figure 3.7 - Fluorescence emission spectra of 5×10-6 M solution of JCAEM in methanol/glycerol mixtures 
(λexc. = 430 nm) 
Table 3.2 - Physical and optical features of 5×10-6 JCAEM solutions in methanol/glycerol mixtures 
MeOH/Gly Abs.max Emis.max ηa na (RI)b εa Φa 
100:00 v/v 452 nm 492 nm 0.6 mPa×s 1.332 33.0 3.2×10-4 
90:10 v/v 454 nm 493 nm 1.8 mPa×s 1.652 34.4 4.0×10-4 
80:20 v/v 455 nm 494 nm 4.8 mPa×s 1.370 35.6 5.1×10-4 
70:30 v/v 456 nm 495 nm 7.7 mPa×s 1.386 36.7 7.2×10-4 
60:40 v/v 458 nm 496 nm 13 mPa×s 1.403 37.6 9.0×10-4 
50:50 v/v 459 nm 497 nm 28 mPa×s 1.417 38.6 1.1×10-3 
40/60 v/v 461 nm 499 nm 58 mPa×s 1.432 39.3 2.0×10-3 
30:70 v/v 462 nm 500 nm 130 mPa×s 1.447 40.1 2.5×10-3 
20:80 v/v 463 nm 500 nm 250 mPa×s 1.454 40.8 3.8×10-3 
10:90 v/v 465 nm 502 nm 630 mPa×s 1.465 41.4 7.9×10-3 
a) Calculated as explained in sections 5.6.10 to 5.6.13; b) Refractive Index 
The increase in fluorescence emission as a function of medium viscosity can be seen with 
the naked eye exciting samples at 450 nm (Figure 3.8). 
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Figure 3.8 - 5×10-6 M JCAEM solutions in methanol/glycerol mixtures excited at ~450 nm through a Dark 
Reader 46B transilluminator (v. 5.6.15) 
It is commonly accepted that the relationship between a molecular rotor quantum yield Φ 
and the viscosity η of the solvent can be described by a power-law, often referred to as 
the Förster-Hofmann equation (equation (3.1)).46,124 
Φ = 𝐶𝐶 ∙ �𝜂𝜂
𝜎𝜎
�
𝑥𝑥
 (3.1) 
where C is a dye-dependent constant, x is both dye- and solvent-dependent, and σ is a 
dye-dependent constant that reflects the mechanical and electrostatic properties of the 
rotating group and is expressed in units of viscosity. Equation (3.1) is often found in 
literature in its logarithmic form, with C and σ -x combined into one single constant 
reflecting the relaxation rates and the temperature56 (equation (3.2)):  logΦ = 𝐶𝐶 + 𝑥𝑥 ∙ log 𝜂𝜂 (3.2) 
In this form, the Förster-Hofmann equation takes a linear trend and it is easy to calculate 
the value of the x parameter for the dye-solvent system through the linear fit of the 
experimental data calculated for Φ as a function of the viscosity. x is often referred to as 
the “viscosity sensitivity”: the higher x, the higher the FMR sensitivity towards viscosity 
changes. It has been shown that x can have a maximum value of 0.66, and for common 
FMRs it ranges between 0.4 and 0.6.125 
The calculated x value for JCAEM (Figure 3.9) is 0.46 which is comparable with 
literature data reported for traditional viscosity FMRs.23,124 
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Figure 3.9 - Logarithm of quantum yield as a function of the medium viscosity fitted to Eq. (3.2). 
3.4. Synthesis of poly(JCAEM) 
Poly(JCAEM) was obtained via a free radical polymerization (FRP) reaction. 
The process was initiated by the thermal decomposition of azobisisobutyronitrile (AIBN), 
which generates two free radicals (3.3). Each radical may then combine with a 
methacrylate unit by attacking its double bond, leading to the propagation reactions (3.4). 
As this radical can still react with double bonds, the chain starts to grow via individual 
monomer addition (3.5). When two growing radicals meet together, termination can occur 
via combination (3.6) or disproportionation (3.7), yielding one or two dead polymer 
chains respectively. 
𝐼𝐼 → 2𝑅𝑅0∗ (3.3) 
𝑅𝑅0∗ + 𝑀𝑀 → 𝑃𝑃1∗  (3.4) 
𝑃𝑃𝑛𝑛∗ + 𝑀𝑀 → 𝑃𝑃𝑛𝑛+1∗  (3.5) 
𝑃𝑃𝑛𝑛∗ + 𝑃𝑃𝑚𝑚∗ → 𝑃𝑃𝑛𝑛+𝑚𝑚∗  (3.6) 
𝑃𝑃𝑛𝑛∗ + 𝑃𝑃𝑚𝑚∗  → 𝑃𝑃𝑛𝑛 (−𝐻𝐻) + 𝑃𝑃𝑚𝑚 (+𝐻𝐻) (3.7) 
Polymerization was performed in anhydrous toluene, using a polymerization tube. Three 
freeze-pump-thaw cycles ensured the removal of any dissolved gas, then the vial was 
sealed under high vacuum. The reaction was carried out for 24 h at 60° C, temperature at 
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which AIBN decomposes initiating the polymerization. The obtained polymer was 
precipitated into cold methanol, centrifuged and dried (yield = ~3 %).  
Molecular weight was assessed through GPC as explained in section 5.6.6. Mn was found 
to be 3350 g×mol-1. Nevertheless, the molecular weight distribution was rather narrow, 
with a PDI of 1.1. 
3.5. Optical characterization of poly(JCAEM) 
Optical properties of poly(JCAEM) were assessed in CHCl3 solution. While the 
absorption spectrum was not changed upon polymerization, and shows the same 
maximum position as the JCAEM monomer (453 nm), the fluorescence emission (λexc. = 
430 nm) spectra of poly(JCAEM) solution in CHCl3 exhibits two emission maximum at 
503 and 563 nm (Figure 3.10). 
 
Figure 3.10 - UV-Vis absorption (black) and fluorescence emission (red, λexc. = 430 nm) of 0.18 g×L-1 
CHCl3 poly(JCAEM) solution 
It is worth noting that the emission spectrum of poly(JCAEM) can be seen as the 
superimposition of JCAEM powder and JCAEM solution spectra (Figure 3.11). 
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Figure 3.11 - Fluorescence emission spectra of 0.18 g×L-1 CHCl3 poly(JCAEM) solution (black), 3×10-6 
M CHCl3 JCAEM solution (red) and JCAEM powder (green) 
This behaviour is probably due to the fact that some of the julolidine units bonded to the 
polymer are blocked in a conformation very similar to that they would assume in the solid 
state of JCAEM, while some other julolidine units are less constrained and behave more 
similar to the dissolved monomer dye. For this reason, both the typical emission band of 
the monomer and the emission band of the aggregate are clearly visible in the spectrum. 
As seen in section 3.3, the longer wavelength peak may be ascribed to excimer formation. 
It is indeed reported that in some cases, a monomer in the ground state may be quite close 
to another monomer (e.g., in polymers with grafted pendant fluorophores), so that the 
displacement and the rotation required to attain the favourable excimer conformation 
occur very quickly.32 Is it therefore possible that not all the julolidine units are located at 
the appropriate distance to form excimers. At the same time, being in a polymer solution 
makes the detachment processes of excimers more difficult once they are statistically 
formed. The polymer in solution can then be related to something halfway between the 
solid state JCAEM and its solution, thus justifying the double fluorescence emission. 
Figure 3.12 shows the UV-Vis spectra for poly(JCAEM) CHCl3 solutions of increasing 
concentration. The julolidine content calculated by means of the calibration curve 
obtained from JCAEM CHCl3 solutions (v. section 5.6.14) was lower than the theoretical 
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calculation obtained by dividing the poly(JCAEM) concentration expressed as g×L-1 by 
JCAEM molecular weight. Table 3.3 clearly demonstrates that the effective absorbance 
of poly(JCAEM) solution is about 2 to 4 times smaller than the expected value. 
 
Figure 3.12 - UV-Vis absorption spectra of 5×10-6 M solution of CHCl3 poly(JCAEM) solutions with 
concentrations ranging from 0.04 to 3.80 mg×L-1 
Table 3.3 - Theoretical and experimental absorption features of poly(JCAEM) CHCl3 solutions 
C Abs. Max [jul]a [jul]bTEO Abs. MaxcTEO 
0.04 mg×L-1 0.00291 0.7×10-8 M 1×10-7 M 0.010 
0.11 mg×L-1 0.00576 1.7×10-8 M 3×10-7 M 0.022 
0.19 mg×L-1 0.00867 6.8×10-8 M 5×10-7 M 0.034 
0.30 mg×L-1 0.01475 1.7×10-7 M 8×10-7 M 0.050 
0.38 mg×L-1 0.02403 3.4×10-7 M 1×10-6 M 0.062 
1.14 mg×L-1 0.07186 1.2×10-6 M 3×10-6 M 0.177 
1.90 mg×L-1 0.11815 2.0×10-6 M 5×10-6 M 0.292 
3.04 mg×L-1 0.20108 3.4×10-6 M 8×10-6 M 0.464 
3.80 mg×L-1 0.24755 4.2×10-6 M 1×10-5 M 0.579 
a) calculated by means of the calibration curve (v. section 5.6.14); b) calculated by dividing poly(JCAEM) concentration by 
JCAEM molecular weight; c) calculated by means of the calibration curve by reversing the procedure  
This phenomenon cannot be addressed to a variation of the molar extinction coefficient 
on passing from the monomer to the polymer system since the chromophoric unit is not 
involved in the polymerization process nor conjugated with the methacrylic unit. 
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A further possible interpretation of the low absorption intensity, is that the effective 
concentration of the polymer is possibly lower than that considered, due to the partial 
solubility of the polymer in the solvent.  
3.6. Synthesis of random copolymers poly(styrene-co-
JCAEM)n [poly(STY-co-JCAEM)n] 
Poly(STY-co-JCAEM)n copolymers were obtained via FRP, as seen for poly(JCAEM). 
In order to obtain polymers with randomly distributed and non-interacting JCAEM units, 
styrene was added as co-monomer to the feed mixture so that the final fluorophore content 
was lower than 2% by weight (v. section 5.4.2). Table 3.4 shows the JCAEM content in 
the feed mixture relative to styrene; the effective content of JCAEM in the obtained 
polymers was determined by UV-Vis spectroscopy (v. section 5.6.14). 
Table 3.4 - Feed and effective compositions of copolymers 
Sample name JCAEM feed content JCAEM eff. contenta 
poly(STY-co-JCAEM)0.06 0.25 % w/w - 0.068 mol % 0.22 % w/w - 0.061 mol % 
poly(STY-co-JCAEM)0.12 0.50 % w/w - 0.137 mol % 0.45 % w/w - 0.122 mol % 
poly(STY-co-JCAEM)0.25 1.00 % w/w - 0.273 mol % 0.94 % w/w - 0.254 mol % 
poly(STY-co-JCAEM)0.61 2.00 % w/w - 0.544 mol % 2.30 % w/w - 0.612 mol % 
a) calculated by means of the calibration curve (v. section 5.6.14); 
Polymerization conditions were the same as seen for poly(JCAEM). For copolymers, the 
reaction was carried out for 7 days rather than 24 h, to maximize the yield of the 
reaction.126 After the reaction, the obtained polymers were precipitated twice into cold 
methanol, separated by centrifugation and dried. Molecular weights were assessed 
through GPC. Mns ranging between 13,000 and 18,000 g×mol-1 were obtained, with PDIs 
of 1.4-1.9. 
The obtained copolymers were characterized by means of TGA and DSC as explained in 
sections 5.6.7 and 5.6.8. Results show that the introduction of the JCAEM unit along the 
polystyrene backbone does not alter thermal properties respect to the styrene 
homopolymer. All the copolymers, in fact, showed a Tg close to 100 °C, and started 
degrading above 410 °C (Table 5.9). 
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3.7. Optical characterization of poly(STY-co-JCAEM)n 
Optical properties of poly(STY-co-JCAEM)n were studied in CHCl3 solution. Again, the 
absorption spectrum does not show any significant differences from that of the JCAEM 
monomer, with an absorbance maximum situated at 453 nm. The fluorescence emission 
(λexc. = 430 nm) maximum is instead shifted by 4 nm toward shorter wavelength, probably 
because of the lower dielectric constant of the polymer surrounding the chromophoric 
units (Figure 3.13). Nevertheless, the formation of the TICT state is allowed thus, again, 
the fluorescence quantum yield is negligible. 
It is worth noting that the presence of the polymer chain alongside the julolidine units 
causes an increase in the solution viscosity, therefore enhancing the emission of the 
fluorophore. This is clearly shown in Figure 3.14 where JCAEM (solid line) and 
poly(STY-co-JCAEM)0.61 (dotted line) solutions with the same concentration of JCAEM 
units (as confirmed by UV-Vis absorptions) are compared. 
 
Figure 3.13 - UV-Vis absorption (black) and fluorescence emission (red, λexc. = 430 nm) of 3.80 mg×L-1 
CHCl3 poly(STY-co-JCAEM)0.61 solution 
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Figure 3.14 - UV-Vis absorption (black) and fluorescence emission (red, λexc. = 430 nm) of CHCl3 solutions 
of JCAEM (solid line) and poly(STY-co-JCAEM)0.61 (dotted line) 
3.8. Preparation of poly(STY-co-JCAEM)n thin films 
Increasing the concentration of a polymeric solution also means to increase its 
viscosity.113,127 The highest attainable value of viscosity will be then reached in the case 
of pure, solid amorphous polymer. DSC analysis showed that poly(STY-co-JCAEM)n 
copolymers have Tg close to 100 °C, thus at room temperature they are glassy polymers 
with viscosity of the order of 1013-1016 mPa×s.128 In this conditions, JCAEM internal 
rotations are completely forbidden and the fluorophore is forced to emit from the LE state. 
Thin films of the copolymers were deposited on a glass substrate by means of spin-coating 
technique (v. section 5.5). Using highly concentrated solutions of polymer (about 125 
g×L-1), films with an average thickness of 4 μm and diameter of about 8 mm were 
obtained.  
Before any measurement, films were let to dry slowly overnight in the dark, covered by 
a Petri dish, then kept under high vacuum for 1 h. This allowed to remove any solvent 
traces without leaving any bubbles in the matrix. 
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3.9. Optical characterization of poly(STY-co-JCAEM)n films 
In order to make measurements comparable, the fluorescence emission of poly(STY-co-
JCAEM)n films was analysed with the same setup used to evaluate the vapochromic 
behaviour of the material, i.e. by means of the optical fiber connected to the 
spectrofluorometer instead of the internal front face solid holder of the instrument (v. 
section 5.7.1). Films with JCAEM content from 0.06 to 0.61 mol % showed emission 
maxima ranging from 475 to 516 nm (Figure 3.15). The position of the emission peak is 
similar to that of JCAEM diluted solutions thus suggesting that julolidine units do not 
interact with each other. This also indicates that the JCAEM units’ distribution is 
homogeneous within the polymer. The blue shift with respect with JCAEM emission in 
solution is ascribed to the lower dielectric constant of the polymer matrix (ε = 2.6) 
compared to that of the considered solvents. Furthermore, the emission intensity is much 
higher (of about 1-2 orders of magnitude) with respect to the emission from the solution, 
thus confirming that JCAEM is connected into a network in which the intramolecular 
rotations of their julolidine sub-units are frozen. The bathochromic shift in the emission 
maxima may be ascribed to self-absorption phenomena as discussed earlier for 
poly(JCAEM).  
Figure 3.15 - Fluorescence emission spectra of poly(STY-co-JCAEM)n films: n = 0.06 (black), n = 0.12  
(red), n = 0.25 (green) and n = 0.61 (blue) 
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3.10. Vapochromic behaviour of poly(STY-co-JCAEM)n films 
As seen in section Errore. L'origine riferimento non è stata trovata., interactions 
between a polymer and vapours of a suitable solvent result in the relaxation of 
macromolecular chains with consequent increase in the free volume and decrease in the 
local microviscosity. Therefore, the fluorescence emission of FMRs dispersed in a glassy 
polymer matrix is found to be affected by the exposition of the material to solvent vapours 
thus allowing VOCs detection. Even if the sensitivity of such materials could be high, 
with fluorescence variations up to 80%, a fast vapochromic response during the early 
stages of exposure has not been reported so far.19,28,30 
The progressive change in the fluorescence emission of poly(STY-co-JCAEM)0.06 films 
at room temperature as a function of exposure to saturated CHCl3 vapours is shown in 
Figure 3.16. Spectra were recorded consecutively, each acquisition having a duration of 
35 seconds. It is possible to notice that the emission intensity dropped by more than 50% 
after less than 10 seconds of exposure (red spectrum, acquisition started 8 seconds after 
the exposition of the sample to vapours), and by more than 85% after about 40 seconds 
of exposition (green spectrum) as a consequence of the plasticizing effect of chloroform 
vapours on the glassy matrix. After only one minute, the system appears to reach 
equilibrium. The whole film is permeated by the solvent and no further changes in 
emission intensity are noticed. At this point, all the FMR moieties are, indeed, located in 
a polymer environment with homogeneous microviscosity. The apparent blue shift of the 
emission maximum of the first spectra during the exposure with respect to the emission 
before the exposure is ascribed to the decrease rate of the emission which was faster than 
the acquisition rate: the emission value registered for the longer wavelengths is lower 
than the actual one as it continues to decrease while the instrument is still recording the 
values for the shorter wavelengths. Furthermore, the minor red shift (4 nm) in the 
emission maximum of the equilibrium spectra with respect to the first spectrum, can be 
ascribed to the higher dielectric constant of the system after absorbing the chloroform 
(ε = 4.8 for pure chloroform) with respect to the pristine polystyrene matrix (ε = 2.6). 
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Figure 3.16 - Progressive changes in the emission of poly(STY-co-JCAEM)0.06 films as a function of 
exposure to CHCl3 vapours (λexc. = 430 nm) 
More accurate measurements of the films’ vapochromic response can be obtained by 
monitoring the change in fluorescence intensity at a specific wavelength (i.e. the 
maximum emission wavelength) as a function of VOCs exposure time. All poly(STY-co-
JCAEM)n thin films were tested and exhibited a similar behaviour upon exposure to VOC 
vapours. Both fluorescence variation and decrease rate were higher for those films with 
the lowest JCAEM content, and reached a plateau after about 60 seconds (Figure 3.17). 
Interestingly poly(STY-co-JCAEM)n exhibited a fluorescence decrease rate ~7 times 
faster than the previously reported most sensitive julolidine-based FMR dispersed in 
polystyrene, the latter reaching a constant value only after 400 seconds of CHCl3 exposure 
(Figure 3.17 Inset).30 This great enhancement in the material’s performances is mainly 
ascribed to two concurrent factors: first of all, the covalent bonding between the FMR 
unit and the matrix as well as its homogeneous dispersion along the polymer backbone 
allow the prompt and simultaneous response of all the JCAEM units individually 
dispersed in the material; furthermore the low thickness of the film obtained thanks to the 
spin coating technique results in faster optical response. It was actually reported that, the 
lower the thickness, the faster the vapochromic effect.28  
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Figure 3.17 - Fluorescence variation of the maximum intensity as a function of exposure time to CHCl3 
vapours for all poly(STY-co-JCAEM)n 4 μm thick films: n = 0.06 (black), n = 0.12  (red),  
n = 0.25 (green) and n = 0.61 (blue) 
Inset: fluorescence variation of the maximum intensity as a function of exposure time to 
CHCl3 vapours for the most sensitive julolidine-based FMR dispersed in PS (140 μm thick)30 
The response of poly(STY-co-JCAEM)0.06 films upon exposure to solvents with different 
vapour pressures and Flory-Huggins parameter χ were investigated. Results are shown in 
Figure 3.18. As expected, exposure to well interacting solvents vapours results in a 
stronger and faster fluorescence decrease, as solvent uptake is favoured thus lowering the 
local microviscosity of the polymer and consequently the FMR emission. 
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Figure 3.18 - Variation of the fluorescence maximum (λem = 476 nm) intensity of poly(STY-co-JCAEM)0.06 
films with exposure time to several VOCs 
As shown in Figure 3.18, the fluorescence variation of poly(STY-co-JCAEM)0.06 upon 
exposure to highly interacting solvents vapours appeared to be similar. An outstandingly 
fast response was recorded for dichloromethane, chloroform and diethyl ether thanks to 
the favourable combination of low χ and high vapour pressure resulting in the highest 
values for 1/τ (obtained as explained in section 5.7.2). Similar behaviour was recorded 
for films exposed to THF vapours, a well interacting solvent for polystyrene as confirmed 
by its χ, but with a slightly lower vapour pressure. Slower decay rates of fluorescence 
intensity were found upon exposure to solvents vapours such as acetone and toluene. For 
acetone, this is probably to be ascribed to its higher χ value whereas in the case of toluene 
the slower decay rate of fluorescence intensity may be attributed to the lower vapour 
pressure of the solvent that can delay the solvent uptake by the film during the initial stage 
of exposure. Figure 3.18 also shows that cyclohexane, and acetonitrile barely affected the 
fluorescence emission (less than 10 %) probably because of the lower vapour pressure 
(compared to solvents described above) and higher χ values. Fluorescence decreasing 
rates constants (1/τ) for these solvents, obtained as explained in section 5.7.2, are shown 
in Figure 3.19 and compared to that for the most sensitive julolidine-based FMR 
dispersed in polystyrene (Figure 3.17 Inset). Interestingly, the exposure to methanol 
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vapours seems to enhance the fluorophore emission. This rather strange behaviour may 
be possibly ascribed to a contraction of the polymer film that causes a reduction in the 
remaining free volume available for the internal rotation of the julolidine unit of the FMR 
thus enhancing its emission from the LE state. It was indeed reported that contraction of 
a film happens when a non-solvent vapour interacts with the polymer film, a non-solvent 
being a solvent that does not dissolve the polymer, has no affinity for the polymer, and in 
fact, makes the polymer retreat from the solvent front.129 The Flory-Huggins interaction 
parameters and the vapour pressure for the considered VOCs with polystyrene are 
reported in Table 3.5. 
 
Figure 3.19 - Fluorescence decreasing rates constants for several VOCs. 
Table 3.5 - Vapour pressure at 25 °C130 and PS-solvent Flory-Huggins interaction parameter χ5 
Solvent Vapour pressure χ 
Acetone 30.8 kPa 0.81-0.94 
Acetonitrile 11.9 kPa 0.93-2.02 
Chloroform 21.3 kPa 0.17-0.52 
Cyclohexane 13.0 kPa 1.14-1.49 
Dichloromethane 58.2 kPa 0.71-0.78 
Diethyl ether 71.7 kPa 0.05-0.17 
Methanol 16.9 kPa 2.44 
Tetrahydrofuran 21.6 kPa 0.16-0.70 
Toluene 2.9 kPa 0.31-0.42 
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Once the behaviour of poly(STY-co-JCAEM)0.06 films upon exposure to various solvents 
had been studied, other films of the same material and construction were exposed to 
CHCl3/MeOH mixtures in order to determine whether the system could be sensitive and 
selective to mixed vapours of different composition (Figure 3.20). It can be noted that 
lowering the CHCl3/MeOH ratio results in the decrease in the fluorescence variation 
amount as well as in the speed with which the change occurs.  
Figure 3.20 - Variation of the fluorescence maximum (λem = 476 nm) intensity of poly(STY-co-JCAEM)0.06 
films with exposure time to CHCl3/MeOH mixtures of different composition. 
Interestingly, the plateau value of the fluorescence variation showed an almost linear 
decreasing trend with the chloroform mole fraction in the gas phase (calculated as 
explained in section 5.7.2), as shown in Figure 3.21. This result suggests the possibility 
to determine the composition of the vapour phase by means of fluorescence analysis. 
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Figure 3.21 - Fluorescence variation of poly(STY-co-JCAEM)0.06 films as a function of the chloroform 
mole fraction in the gas phase and linear fit correlation (R-squared = 0.98) 
Reproducibility of measurement was also tested. After the exposure (lasting up to 20 
minutes), films were allowed to dry in the dark at room temperature and pressure for 24 
h then kept under high vacuum for 1 h, in order to desorb all the residual solvent. This 
process allows the complete recovery of the fluorescence emission of the system. The 
fluorescence variation of the samples was well retained also after repeated cycles of 
VOCs exposure, with only a slight loss of 10% in sensitivity (Figure 3.22). This suggests 
the reversibility of the process and the possibility to reutilize the sensing device.  
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Figure 3.22 - Variation of the fluorescence maximum intensity of poly(STY-co-JCAEM)0.06 films with 
exposure time for successive cycles of chloroform exposure: black curve = first exposure, 
red curve = second exposure 
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4. Conclusions
On the basis of previous studies about the sensing performances of fluorescent molecular 
rotors dispersed in polymeric matrices as effective and cheap systems for VOCs 
detection, in this work a novel polymerizable FMR was devised with the aim to possibly 
enhance sensing performances thanks to the covalent bonding approach. 
The new FMR JCAEM was synthetized from hydroxymethylmethacrylate monomer by 
functionalization by a cyanovinyl-julolidine unit, the latter conferring the intriguing 
optical features of the system and its sensing properties. 
JCAEM was characterized and showed solid state fluorescence as well as aggregation 
induced emission activity. Furthermore, as expected, JCAEM was found to be sensitive 
to variations in the viscosity of the dispersing medium. Taking advantage of this property, 
polymeric film sensitive to VOCs vapours were obtained by copolymerization of JCAEM 
with styrene followed by deposition onto a glass plate by spin-coating. 
Polymer films with JCAEM content ranging from 0.06 to 0.61 mol % (0.22-2.30 w/w) 
were exposed to saturated atmospheres of several VOCs and exhibited an exposure-time-
dependent quenching of fluorescence emission ascribed to the solvent-induced relaxation 
of the polymer chains of the matrix, which in turn reflects in the lowering of the local 
microviscosity favouring the non-radiative disexcitation pathway of the FMR. 
Copolymers with the lowest JCAEM content showed the fastest and strongest response; 
furthermore, the fluorescence variation rates are higher when highly interacting and more 
volatile solvents are used, whereas are lower for solvents with less affinity for the polymer 
or with a low vapour pressure. Notably poor solvents for the matrix barely affected its 
emission properties. 
Considering that the fluorescence quenching is due mainly to interactions between the 
FMR and the solvent-swollen polymer, rather than to interactions between the FMR and 
the solvent, these systems are not able to distinguish between the different types of 
solvents as the quenching effect is due to a number of concurring factors as the vapour 
pressure of the solvent, its affinity with the matrix, and the composition of the vapour 
phase. It could be however possible to determine the composition of a solvent mixture, 
knowing its components, upon recording a calibration curve. 
Poly(STY-co-JCAEM)0.06 systems exhibited a 7-fold increase in its speed of response 
to VOCs presence with respect to that of the most sensitive julolidine-based FMR 
dispersed in PS previously reported.30 This effect is due to the covalent bonding of FRM 
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within the polymer backbone and its homogeneous dispersion into the host matrix (which, 
inter alia, does not alter significantly the thermal properties of the system with respect to 
pristine polystyrene), and thanks to the reduced thickness achieved through the spin 
coating technique. 
All these findings support the possibility to develop a new class of vapochromic plastic 
materials based on copolymers of styrene with a julolidine polymerizable derivative 
aimed o VOCs detection. 
Further improvements of these systems may be the functionalization of julolidine units 
with moieties able to interact selectively with a specified solvent vapour, or, alternatively, 
with vapours of selected analytes in order to detect their presence. Another approach may 
be the coating of an unclad optical fiber to be used as an evanescent wave fluorescence 
sensor. This sensor would be based on the interaction of a laser beam in a bare optical 
fiber with fluorescent molecular rotors present in the copolymer covering the fiber. The 
electric field of the monochromatic light waves traveling in the fiber by total internal 
reflection penetrates outside the fiber and is called the evanescent wave field. FMRs 
within the depth of penetration get excited by this field and emit their characteristic 
fluorescent radiation that is coupled back into the fiber by the principle of reciprocity of 
optics. If the light at the end of the fiber is filtered for the fluorescent radiation and its 
intensity is recorded, it makes possible to detect potential variations and, hence, the 
possible presence of VOCs also at very small concentrations.131 
 
 
The results of the present thesis have been recently published in Faraday Discussions 
2016, DOI: 10.1039/C6FD00151C. 
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5.    Experimental Part 
5.1. Materials and methods 
If not otherwise specified, products were used as received. 
• Acetone, CAS [67-64-1], ≥ 99,5%, Sigma-Aldrich 
• Azobisisobutyronitrile (AIBN), CAS [78-76-1], ≥ 99,8%, Fluka 
Commercial product was recrystallized from acetone 
• Calcium Hydride, CAS [7789-78-8], Sigma-Aldrich 
• Chloroform, CAS [67-66-3], ACS reagent ≥ 99,8%, Sigma-Aldrich 
• Chloroform-d, CAS [865-49-6], 99,8% atom % D, Sigma-Aldrich 
• Cyanoacetic Acid, CAS [372-09-8], 99%, Lancaster (Alfa Aesar) 
Commercial product was recrystallized from a mixture of toluene/acetone 2/3 v/v 
• Dichloromethane, CAS [75-09-2], ACS reagent ≥ 99,9%, Sigma-Aldrich 
Commercial product was refluxed over CaH2 for 2 h, then distilled under nitrogen 
• N,N’-Dicyclohexylcarbodiimide (DCC), CAS [538-75-0], 99,0%, Fluka 
Commercial product was dried by dissolution in a saturated solution of Na2SO4 in 
ethyl acetate. The solution was stored for 16 h then filtered and the anhydrous product 
was recovered evaporating the solvent under reduced pressure and further dried under 
high vacuum for several hours. 
• Diethyl ether, CAS [60-29-7], ACS reagent ≥ 99,8%, Sigma-Aldrich 
• N,N’-Dimethylformamide (DMF), CAS [68-12-2], ≥ 99,0%, Sigma-Aldrich 
Commercial product was refluxed over CaH2 for 2 h, then distilled under vacuum 
• 2,6-Di-tert-butyl-4-methylphenol (BHT), CAS [128-37-0], ≥ 99,0%, Aldrich 
• Ethyl Acetate, CAS [141-78-6], ACS reagent ≥ 99,5%, Sigma-Aldrich 
• Glycerol, CAS [56-81-5], ACS reagent ≥ 99,5%, Sigma-Aldrich 
• 2-Hyroxyethyl methacrylate (HEMA), CAS [868-77-9], ≈ 95,0%, Fluka 
• n-Hexane, CAS [110-54-3], ACS reagent ≥ 99,0%, Sigma-Aldrich 
• Julolidine (JUL), CAS [479-59-4], 97,0%, Sigma-Aldrich 
• Methanol, CAS [67-56-1], ACS reagent ≥ 99,8%, Sigma-Aldrich 
• Phosphorus (V) oxychloride, CAS [10025-87-3], ≥ 98,0%, Sigma-Aldrich 
Commercial product was distilled under reduced pressure 
• Piperidine, CAS [110-89-4], 99,0%, Sigma-Aldrich 
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• Sodium acetate trihydrate, CAS [6131-90-4], ≥ 99,5%, Carlo Erba
• Styrene (STY), CAS [100-42-5], 99,0%, Aldrich
Commercial product was distilled under reduced pressure in the presence of BHT as
polymerization inhibitor.
• Tetrahydrofuran (THF), CAS [109-99-9], ≥ 99,8%, Sigma-Aldrich
Commercial product was refluxed over CaH2 for 2 h, then distilled under nitrogen
• Toluene, CAS [108-88-3], ≥ 99,7%, Sigma-Aldrich
Commercial product was refluxed over CaH2 for 2 h, then distilled under nitrogen
Spectroscopy grade solvents (Carlo Erba or Aldrich) were utilized without further 
purification. 
5.2. Synthesis of JCAEM 
JCAEM molecular rotor was synthetized following Scheme 5.1. 
Scheme 5.1 - Reaction pathway for the synthesis of JCAEM FMR 
Julolidine was at first formylated through the Vilsmeier-Haack reaction to give 9-formyl 
julolidine.114,115 Meanwhile 2-(2-cyanoacetoxy)ethyl methacrylate was prepared by 
esterification between cyanoacetic acid and 2-hydroxyethyl methacrylate using N,N’-
Dicyclohexylcarbodiimide as the coupling agent.114,116 At last, FJUL and CAEM were 
combined together by a Knoevenagel condensation to afford the desired product.114,118 
5.2.1. Synthesis of 9-formyl julolidine (FJUL) 
The Vilsmeier-Haak reaction on julolidine was carried out following the method of Cai 
et al. except the fact that the hydrolysis with sodium acetate of the ionic intermediate was 
let proceed overnight.132,133  
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Phosphorous oxychloride (0.7 mL, 7.65 mmol) was added dropwise to DMF (2 mL, 25.85 
mmol) at 0°C. A solution of julolidine (1.328g, 7.76 mmol) in DMF (2.2 mL, 28.44 
mmol) was then added and the mixture was heated at 90°C stirring for 4.5h. The solution 
was allowed to cool at room temperature, then 30 mL of deionized water cooled at 0° C 
were added to the reaction mixture, and the solution was neutralized to pH 6-8 by adding 
a saturated sodium acetate solution (~30 mL). The mixture was stirred at rt overnight. 
The desired aldehyde precipitated out of solution as a greenish-yellow solid that was 
collected on a sintered glass funnel, washed with water (30 mL) and dried under high 
vacuum. 
The crude product was purified through column chromatography on silica gel (230-400 
mesh) using ethyl acetate/CHCl3 (70/30 v/v) as eluent mixture (67% yield). 
Characterization 
FT-IR (KBr) (Figure 5.1). 
Figure 5.1 - FT-IR spectrum of FJUL 
ν (cm-1): 
• 2758 aldehyde C-H stretching 
• 1660 C=O stretching 
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• 1596 ring C=C stretching 
• 1524 ring C=C stretching 
• 1317 N-C aromatic stretching
• 1144 N-C stretching
1H-NMR (Figure 5.2). 
Figure 5.2 - 1H-NMR spectrum of FJUL 
1H-NMR (CDCl3): δ (ppm) = 9.6 (s, 1H, -CHO), 7.3 (s, 2H, aromatic), 3.3 (t, 4H, -N-
CH2-), 2.7 (t, 4H -N-CH2-CH2-CH2), 1.9 (m, 4H -N-CH2-CH2) (Table 5.1). 
Table 5.1 - Attributions of NMR signals of FJUL 
Δ Multiplicity Proton/s 
9.59 ppm s 
7.29 ppm s 
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3.29 ppm t 
2.76 ppm t 
1.96 ppm m 
13C-NMR (Figure 5.3). 
Figure 5.3 - 13C-NMR spectrum of FJUL 
13C-NMR (CDCl3): δ (ppm) = 190.01 (-CHO), 147.81 (-N-C(-C-)=C-), 129.35 (-C(=C)-
CH=C(-C)-CH=), 123.93 (-CH-(CH=)C-CHO), 120.24 (-CH2-C(=C-)-CH(=C)), 49.95 (-
N(-CH2)-), 27.56 (-N(-CH2-CH2-CH2-)-), 21.17 (-N(-CH2-CH2-CH2-)-) (Table 5.2). 
Table 5.2 - Attributions of 13C-NMR signals of FJUL 
δ Carbon/s δ Carbon/s 
190.01 ppm 147.81 ppm 
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129.35 ppm 123.93 ppm 
120.24 ppm 49.95 ppm 
27.56 ppm 21.17 ppm 
EI-MS m/z (%): 201 (100, M+). 
Spectral characteristics of the compound are in agreement with those previously 
reported.30 
5.2.2. Synthesis of 2-(2-cyanoacetoxy)ethyl methacrylate (CAEM) 
Esterification between cyanoacetic acid and 2-hydroxyethyl methacrylate was carried out 
using N,N’-dicyclohexylcarbodiimide as the coupling agent.30,134  
A solution of DCC (2.58 g, 12.48 mmol) in anhydrous dichloromethane (12.5 mL) was 
added dropwise to a solution of cyanoacetic acid (1.08 g, 12.65 mmol) and 2-
hydroxyethyl methacrylate (1.52 mL, 12.53 mmol) in anhydrous dichloromethane (25 
mL). The mixture was kept under nitrogen and stirred at rt for 24 h. Then, it was diluted 
with dichloromethane (20 mL) and stored overnight at -20°C to promote the precipitation 
of the DCU formed during the reaction. The solid was filtered off using a 22 μm PVDF 
membrane filter Durapore (Sigma) and washed with cold dichloromethane. The filtrate 
was concentrated at reduced pressure and stored again at -20°C for several hours to allow 
the precipitation of any further DCU. Filtration was repeated 2 more times in the same 
way. The filtrate was eventually dried at reduced pressure (mechanical vacuum). The 
colourless oily product was then purified through column chromatography on silica gel 
(230-400 mesh) using CHCl3/ethyl acetate (80/20 v/v) as eluent mixture (77% yield). 
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All the operations were performed covering the glassware with aluminium foil in order 
to prevent an undesired photochemically-initiated polymerization of the product. 
Characterization 
FT-IR (KBr) (Figure 5.4). 
Figure 5.4 - FT-IR spectrum of CAEM 
ν (cm-1): 
• 2957 methyl asymmetric C-H stretching 
• 2264 C≡N stretching 
• 1755 C=O stretching (cyanoacetate) 
• 1722 C=O stretching (acrylate) 
• 1637 C=C stretching 
• 1372 oxymethylenic CH2 wagging 
• 1321 oxymethylenic CH2 wagging 
• 1165 ester asymmetric stretching 
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1H-NMR (Figure 5.5). 
Figure 5.5 - 1H-NMR spectrum of CAEM 
1H-NMR (CDCl3): δ (ppm) = 6.12 (s, 1H, HCH= -cis), 5.61 (t, 1H, HCH= -trans), 4.46 
(m, 2H, H2C=C(-CH3)-C(=O)-O-CH2-), 4.38 (m, 2H, NC-CH2-C(=O)-O-CH2), 3.50 (s, 
1H, NC-CH2-), 1.94 (s, 3H, -CH3) (Table 5.3). 
Table 5.3 - Attributions of 1H-NMR signals of CAEM 
δ Multiplicity Proton/s 
6.12 ppm s 
5.61 ppm t 
4.46 ppm m 
4.38 ppm m 
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3.50 ppm s 
1.94 ppm s 
13C-NMR (Figure 5.6). 
Figure 5.6 - 13C-NMR spectrum of CAEM 
13C-NMR (CDCl3): δ (ppm) = 166.97 (O-C(=O)-C=C(-CH3)), 162.81 (O-C(=O)-C-CN), 
135.64 (C(=O)-C(-CH3)=CH2), 126.32 (H2C=C(-CH3)-), 112.67 (NC-C), 64.34 
(H2C=C(-CH3)-C(=O)-OCH2), 61.65 (NC-C-C(=O)-O-CH2), 24.54 (NC-CH2), 18.12 
(H3C-C(=CH2)-) (Table 5.4). 
Table 5.4 - Attributions of 13C-NMR signals of CAEM 
δ Carbon/s δ Carbon/s 
166.97 ppm 162.81 ppm 
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135.64 ppm 126.32 ppm 
112.67 ppm 64.34 ppm 
61.65 ppm 24.54 ppm 
18.12 ppm 
EI-MS m/z (%): 112 (91), 69 (100), 41 (50). 
5.2.3. Synthesis of 2-(methacryloxy)ethyl-2-cyano-3-julolidin-acrilate 
The designed molecular rotor JCAEM was obtained by Knoevenagel condensation 
between FJUL and CAEM.24 
Piperidine (0.24 mL, 2.45 mmol) was added to a solution of FJUL (0.4660 g, 2.32 mmol) 
and CAEM (0.45 mL, 2.51 mmol) in anhydrous THF (12.5 mL). The mixture was stirred 
at rt for 24 h. The solvent was then removed under reduced pressure.  
Crude JCAEM was purified through a two-solvent crystallization method. A small 
amount of JCAEM (~15 mg) was dissolved in dichloromethane (~2 mL) in a test tube, 
then n-Hexane (~8 mL) was slowly stratified above the solution. After solvent 
evaporation, yellow-orange needle-like crystals were grown on the walls of the tube. 
Crystals were washed with n-Hexane and dried under mechanical vacuum (72% yield). 
Again, the procedure was carried out in glassware that had been previously covered in 
aluminium foil.
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Characterization 
FT-IR (KBr) (Figure 5.7). 
Figure 5.7 - FT-IR spectrum of JCAEM 
ν (cm-1): 
• 2957 methyl asymmetric C-H stretching 
• 2207 C≡N stretching 
• 1721 C=O stretching (acrylate) 
• 1706 C=O stretching (julolidine cyanoacetate) 
• 1618 C=C stretching (acrylate) 
• 1588 ring C=C stretching 
• 1566 ring C=C stretching 
• 1525 C=C stretching (2,2-disubstitutedvinyl) julolidine 
• 1446 asymmetric methyl bending 
• 1368 oxymethylenic CH2 wagging 
• 1324 oxymethylenic CH2 wagging 
• 1232 ester asymmetric stretching (julolidine cyanoacetate) 
• 1171 ester asymmetric stretching (acrylate) 
• 1121 C-O stretching
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• 1101 C-O stretching
1H-NMR (Figure 5.8). 
Figure 5.8 - 1H-NMR spectrum of JCAEM
1H-NMR (CDCl3): δ (ppm) = 7.94 (s, 1H, Ar-CH=C(-CN)-), 7.52 (s, 2H, aromatic), 6.17 
(s, 1H, HCH= -cis), 5.60 (s, 1H, HCH= -trans), 4.51 (m, 2H, H2C=C(-CH3)-C(=O)-O-
CH2-), 4.44 (m, 2H, -C=C(-CN)-C(=O)-O-CH2-), 3.34 (t, 4H, -N-CH2), 2.75 (t, 4H -N-
CH2-CH2-CH2), 1.96 (m, 7H -N-CH2-CH2-, CH3) (Table 5.5). 
Table 5.5 - Attributions of 1H-NMR signals of JCAEM 
δ Multiplicity Proton/s 
7.94 ppm s 
7.52 ppm s 
6.17 ppm s 
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5.60 ppm s 
4.51 ppm m 
4.44 ppm m 
3.34 ppm t 
2.75 ppm t 
1.96 ppm m 
13C-NMR (Figure 5.9) 
Figure 5.9 - 13C-NMR spectrum of JCAEM 
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13C-NMR (CDCl3): δ (ppm) = 167.17 (O-C(=O)-C=C(-CH3)), 164.64 (O-C(=O)-C(-
CN)=), 154.70 (Ar-CH=C(-CN)-), 147.86 (-N-C(-C-)=C-), 135.92 (H3C-C(=CH2)-), 
131.83 (-C(-CN)=C-C(-C)=C-), 126.17 (H2C=C(-CH3)-), 120.81 (-C(=C)-CH=C(-C)-
CH=), 118.38 (-CH2-C(=C-)-CH(=C)), 117.81 (NC-C(=CH-)-), 90.92 (NC-C(=CH-)-
C(=O)-), 63.01 (H2C-C(-CH3)-C(=O)-O-CH2), 62.29 (H2C-C(-CH3)-C(=O)-O-CH2-
CH2), 50.18 (-N(-CH2)-), 27.53 (-N(-CH2-CH2-CH2-)-), 21.07 (-N(-CH2-CH2-CH2-)-), 
18.26 (H3C-C(=CH2)-) (Table 5.6). 
Table 5.6 - Attributions of 13C-NMR signals of JCAEM 
δ Carbon/s δ Carbon/s 
167.17 ppm 164.64 ppm 
154.70 ppm 147.86 ppm 
135.92 ppm 131.83 ppm 
126.17 ppm 120.81 ppm 
118.38 ppm 117.81 ppm 
90.92 ppm 63.01 ppm 
62.29 ppm 50.18 ppm 
27.53 ppm 21.07 ppm 
18.26 ppm 
EI-MS m/z (%): 381 (100, M+). 
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5.3. Preparation of JCAEM solutions 
JCAEM solutions were prepared by dilution of 1×10-4 M stock solutions obtained by 
dissolving the required amount of JCAEM in the chosen solvent (i.e. chloroform or 
methanol). 
Solutions with higher viscosities were prepared by mixing different amounts of glycerol 
with methanol stock solution of JCAEM, in order to get a 5×10-6 M JCAEM final 
concentration. Solutions with glycerol content from 0 to 90% and viscosities ranging from 
0.6 to 630 mPa×s were prepared. 
Refractive indexes and viscosities of such solutions were estimated as explained in 
sections 5.6.11 and 5.6.12. 
5.4. Synthesis of JCAEM containing polymers 
5.4.1. Synthesis of poly(JCAEM) 
Poly(JCAEM) was obtained via free radical polymerization (FRP) of JCAEM. 
A solution of JCAEM (0.3005 g, 0.798 mmol) and AIBN (0.0052 g, 0.031 mmol) in 
anhydrous toluene (5 mL) was introduced into a dry reaction tube with a Rotaflow PTFE 
tap under nitrogen. After three freeze-pump-thaw cycles, the tube was sealed under 
vacuum through the PTFE screw at the top, and the polymerization was carried out at 60 
°C for 24 hours. After cooling to rt, the polymer was recovered by precipitation into 100 
mL of cold methanol. The polymer was centrifuged and dried at reduced pressure after 
the removal of the surnatant, to get an orange powder (Yield 3%). Due to the low yield, 
the polymer was no further purified. 
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Characterization 
Main properties of poly(JCAEM) are summarized in (Table 5.7) 
Table 5.7 - Properties of poly(JCAEM) 
Sample name Mn Mw PDI 
Poly(JCAEM) 3355 3698 1.1020 
1H-NMR (Figure 5.10). 
Figure 5.10 - 1H-NMR spectrum of poly(JCAEM) 
1H-NMR (CDCl3): δ (ppm) = 7.87 (1H, Ar-CH=C(-CN)-), 7.47 (2H, aromatic), 4.39 (2H, 
H2C=C(-CH3)-C(=O)-O-CH2-), 4.21 (2H, -C=C(-CN)-C(=O)-O-CH2-), 3.31 (4H, -N-
CH2), 2.71 (4H -N-CH2-CH2-CH2), 1.94 (7H -N-CH2-CH2-, CH3) 1.60 (2H -CH2-C(-
CH3)-C(=O)-O-) (Table 5.8). 
Table 5.8 - Attributions of 1H-NMR signals of poly(JCAEM) 
δ Proton/s δ Proton/s 
7.87 ppm 7.47 ppm 
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4.39 ppm 4.21 ppm 
3.31 ppm 2.71 ppm 
1.94 ppm 1.60 ppm 
5.4.2. Synthesis of poly(STY-co-JCAEM)n 
FRP of styrene with various amounts of JCAEM led to copolymers poly(STY-co-
JCAEM)n, where “n” indicate the molar content (%) of JCAEM in the copolymer 
composition (Scheme 3).135 
For instance, for poly(STY-co-JCAEM)0.12, a solution of JCAEM (0.0050 g, 0.013 
mmol), Styrene (1.10 mL, 9.602 mmol) and AIBN (0.0100 g, 0.061 mmol) in anhydrous 
toluene (10 mL) was introduced into a dry reaction tube with a Rotaflow PTFE tap under 
nitrogen. After three freeze-pump-thaw cycles, the tube was sealed under vacuum through 
the PTFE screw at the top, and the polymerization was carried out at 60 °C for 7 days. 
After cooling to rt, the polymer was recovered by precipitation into 500 mL of cold 
methanol. The polymer was centrifuged and dried at reduced pressure after the removal 
of the supernatant. The polymer was purified by repeating precipitations from 
dichloromethane solutions into methanol, and finally dried at reduced pressure and under 
mechanical vacuum, to get a fine yellow powder (Yield 68%). 
JCAEM content in the polymer was calculated as explained in section 5.6.14. 
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Characterization 
Main properties of poly(STY-co-JCAEM)n are summarized in (Table 5.9). 
Table 5.9 - Properties of poly(STY-co-JCAEM)n 
Sample name na Mn PDI Tg TGAi.p.b
poly(STY-co-JCAEM)0.06 0.06 16408 g×mol-1 1.6742 99.17 °C 412.18 °C 
poly(STY-co-JCAEM)0.12 0.12 13701 g×mol-1 1.8453 100.78 °C 394.27 °C 
poly(STY-co-JCAEM)0.25 0.25 17681 g×mol-1 1.6254 101.25 °C - 
poly(STY-co-JCAEM)0.61 0.61 14206 g×mol-1 1.4766 101.83 °C - 
a) JCAEM molar content percent; b) inflection point during the thermal degradation
DSC (Figure 5.11). 
Figure 5.11 - DSC thermogram for poly(STY-co-JCAEM)0.06 
As an example, only the thermogram for poly(STY-co-JCAEM)0.06 is reported. 
Thermograms relative to other copolymers are qualitatively the same. 
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TGA (Figure 5.12). 
Figure 5.12 - TGA thermogram for poly(STY-co-JCAEM)0.06 
Again, only the thermogram for poly(STY-co-JCAEM)0.06 is reported, being 
thermograms relative to other copolymers quite equivalent.  
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FT-IR (KBr) (Figure 5.13). 
Figure 5.13 - FT-IR spectrum of poly(STY-co-JCAEM)0.61 
ν (cm-1)5: 
• 3000-3100 aromatic CH stretch
• 2922 CH2 asymmetric stretching 
• 2849 CH2 symmetric stretching 
• 2213 C≡N stretching 
• 1601 ring quadrant stretching 
• 1493 ring semicircle stretching 
• 1452 ring semicircle stretching and CH2 symmetric (scissoring) deformation 
• 1028 ring in-phase CH bending 
• 757 mono-substituted ring in-phase H wagging 
• 697 mono-substituted ring out-of-plane bending 
• 540 out-of-plane ring bending 
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1H-NMR (Figure 5.14). 
Figure 5.14 - 1H-NMR spectrum of poly(STY-co-JCAEM)0.61
1H-NMR (CDCl3): δ (ppm) = 7.08 (broad, 3H, aromatic), 6.60 (broad, 2H, aromatic), 1.86 
(broad, 1H, -CH2-CH(-C6H5)-), 1.45 (broad, 2H, -CH2-CH(-C6H5)-) typical of 
polystyrene and 3.31 (broad, -N-CH2), 2.72 (broad, -N-CH2-CH2-CH2) characteristic of 
JCAEM (Table 5.10) 
Table 5.10 - Attributions of 1H-NMR signals of poly(STY-co-JCAEM)0.61 
δ Proton/s δ Proton/s 
7.08 ppm 6.60 ppm 
3.32 ppm 2.71 ppm 
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1.86 ppm 1.45 ppm 
13C-NMR (Figure 5.15). 
Figure 5.15 - 13C-NMR spectrum of poly(STY-co-JCAEM)0.61 
13C-NMR (CDCl3): δ (ppm) = 145.23 (broad, -CH2-CH-C(=CH)-CH-), 127.99 and 
126.65 (broad, aromatic) 43.93 (broad, -CH2-CH-Ph), 40.45 (broad, -CH2-CH-Ph) 
typical of polystyrene and 167.24 (O-C(=O)-C=C(-CH3)), 163.61 (O-C(=O)-C(-CN)=), 
50.19 (-N(-CH2)-), 27.60 (-N(-CH2-CH2-CH2-)-), 21.13 (-N(-CH2-CH2-CH2-)-) 
characteristic of JCAEM (Table 5.11). 
Table 5.11 - Attributions of 13C-NMR signals of poly(STY-co-JCAEM)0.61 
δ Carbon/s δ Carbon/s 
167.24 ppm 163.61 ppm 
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145.23 ppm 127.99 ppm 
126.65 ppm 50.19 ppm 
43.93 ppm 40.45 ppm 
27.60 ppm 21.13 ppm 
5.5. Preparation of poly(STY-co-JCAEM)n thin films 
Thin polymer films (~4 μm) of poly(STY-co-JCAEM)n were obtained by spin coating on 
glass substrate. A 24x24 mm glass coverslip was cleaned and then placed on the vacuum 
chuck hold-down of a WS-400B-6NPP-LITE (Laurell Technologies Corp.) spin-coater. 
A viscous solution of the polymer (5 mg in 40 μL of CHCl3) was placed in the centre of 
the glass plate, and the coating was performed at 750 rpm for 22 sec., with an acceleration 
index of 004 (~448 rpm×s-1). The obtained films were allowed to slowly dry at rt for 24 
h before any measurements were made.  
5.6. Characterization of materials 
5.6.1. Fluorescence Spectroscopy 
Emission spectra (λexc 430 nm) at rt of solutions were recorded through a Horiba Jobin-
Yvon Fluorolog®-3 spectrofluorometer equipped with a 450W xenon arc lamp, double-
grating excitation and single-grating emission monochromators. The instrument is 
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interfaced to a computer running proprietary software FluorEssence™ based on 
Origin8®. Solutions were analysed in quartz cuvettes with 10 mm optical path length. 
Films were analysed using a F-3000 Fiber Optic Mount apparatus coupled with optical 
fiber bundles. Light generated from the excitation spectrometer is directly focused on the 
sample using optical fiber bundles. Emission from the sample is then directed back 
through the bundle into the collection port of the sample compartment. The experimental 
set-up adopted for the measurements is explained in detail in section 5.7.1. 
Data were analysed and plotted using OriginPro software. 
5.6.2. UV-Vis Spectroscopy 
UV-Vis spectra of JCAEM solutions were recorded on a Perkin Elmer Lambda 650 at rt. 
Solutions were analysed in quartz cuvettes with 10 mm optical path length.  
Data were analysed and plotted using OriginPro software. 
5.6.3. Nuclear Magnetic Resonance  
NMR spectra were recorded at room temperature on a Bruker Advance DRX 400 at 400 
MHz (1H) and 100 MHz (13C). Chemical shifts are given in ppm relative to 
tetramethylsilane (TMS) using the residual CHCl3 peak in CDCl3 solution as internal 
standard (7.26 and 77.0 ppm, respectively relative to TMS). 
Data were analysed using ACD/NMR Processor Academic Edition and plotted using 
OriginPro software. 
5.6.4. Fourier Transform - Infrared Spectroscopy 
FT-IR spectra were recorded through a Perkin-Elmer Spectrum GX FT-IR at rt, on pellets 
made grinding mixtures of anhydrous KBr with ~1% w/w of the solid product, and 
pressing the mixture. 
Data were analysed using Spectrum™ 6 and plotted using OriginPro 2015 software. 
5.6.5. Electronic Ionization - Mass Spectroscopy 
EI-MS spectra were recorded at 70 eV by GLC-MS, performed on an Agilent 6890N gas-
chromatograph interfaced with Agilent 5973N mass detector. 
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5.6.6. Gel Permeation Chromatography 
Gel permeation chromatography was used to determine molecular weights and molecular 
weight dispersion (PDI = Mw/Mn) of polymer samples with respect to polystyrene 
standards. GPC measurements were performed in CHCl3 as solvent on a four-channel 
pump Jasco PU-2089 Plus chromatograph, equipped with a Jasco RI 2031 Plus 
refractometer and a multichannel Jasco UV-2077 Plus UV-Vis detector set at 252 and 
360 nm. The flow rate was 1 mL×min-1 at a temperature of 30 °C held through a Jasco 
CO 2063 Plus Column Thermostat. A series composed by two Polymer Laboratories 
columns PLgel™ MIXED D and a PLgel™ precolumn packed with polystyrene-
divinylbenzene was used to perform the analysis (linearity range 100 Da-400 kDa). 
5.6.7. Thermogravimetric Analysis 
Thermogravimetric analyses were carried out by means of a Mettler Toledo TGA/SDTA 
851 apparatus. Samples were heated from 25 to 700 °C at 10 °C×min-1 under a nitrogen 
flow. Data were analysed with STARe proprietary software. 
5.6.8. Differential Scanning Calorimetry 
DSC thermograms were recorded under nitrogen atmosphere by a Mettler Toledo DSC 
922e Module Stare apparatus equipped with a liquid nitrogen cooling system. Samples 
were heated from 25 to 180 °C at 10 °C×min-1, then cooled to 0 °C at the same speed. 
The heating was repeated in the same conditions after 3 min of annealing at 0 °C. Data 
were analysed with STARe proprietary software. 
5.6.9. Film thickness measurement 
Film thickness was measured through a dial indicator Borletti CM1S with ruby movement 
bearing. 
5.6.10. Quantum Yield determination 
The fluorescence quantum yield (Φ) in methanol/glycerol mixtures was determined at rt 
relative to fluorescein (Φs = 0.79 in 0.1 N NaOH) according to the relation:32 
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Φ = Φ𝑆𝑆𝑅𝑅 ∫ 𝐼𝐼(𝜈𝜈)𝑑𝑑𝜈𝜈∞0
∫ 𝐼𝐼𝑆𝑆𝑅𝑅(𝜈𝜈)𝑑𝑑𝜈𝜈∞0 (1 − 10−𝐴𝐴𝑆𝑆𝑆𝑆)(1 − 10−𝐴𝐴) 𝑛𝑛2𝑛𝑛𝑆𝑆𝑅𝑅2  
where the subscripts ST are referred to the standard, the integrals ∫ 𝐼𝐼(𝜈𝜈)𝑑𝑑𝜈𝜈∞0  and 
∫ 𝐼𝐼𝑆𝑆𝑇𝑇(𝜈𝜈)𝑑𝑑𝜈𝜈∞0  represent the areas under the emission curves of the investigated compound 
and standard (range 450-675 nm), A and AST are the absorbances of the investigated 
compound and standard at the excitation wavelength (430 nm), 𝑛𝑛  and 𝑛𝑛𝑆𝑆𝑇𝑇  are the 
refractive index of the solvents, i.e. 1.332 for methanol, 1.474 for glycerol.  
5.6.11. Prediction of the refractive index of the solvent mixtures 
The refractive index of MeOH/Glycerol mixtures was predicted by the Arago-Biot 
additive rule136: 
𝑛𝑛𝑚𝑚𝑚𝑚𝑥𝑥 = 𝜙𝜙1𝑛𝑛1 +𝜙𝜙2𝑛𝑛2 
where the subscripts 1 and 2 are referred to solvent 1 and 2 respectively, 𝜙𝜙𝑚𝑚 are the volume 
fraction and 𝑛𝑛𝑖𝑖 are the refractive index of pure substances. 
5.6.12. Estimation of the viscosities of the solvent mixtures 
Viscosity of MeOH/Glycerol mixtures was predicted by the Grunberg-Nissan simplified 
additive rule137: 
𝜂𝜂𝑚𝑚𝑚𝑚𝑥𝑥 = 𝜙𝜙1𝜂𝜂1 +𝜙𝜙2𝜂𝜂2 
where the subscripts 1 and 2 are referred to solvent 1 and 2 respectively, 𝜙𝜙𝑚𝑚 are the volume 
fraction and 𝜂𝜂𝑚𝑚 are the viscosity of pure substances. 
5.6.13. Approximation of the dielectric constant of solvent mixtures 
The values of approximate dielectric constants of solvent mixtures were calculated from 
the sum of the products of the volume composition with the dielectric constants of the 
individual components, by assuming a simple additive function of the concentration of 
the solvents138: 
𝜀𝜀𝑚𝑚𝑚𝑚𝑥𝑥 = 𝜙𝜙1𝜀𝜀1 +𝜙𝜙2𝜀𝜀2 
where the subscripts 1 and 2 are referred to solvent 1 and 2 respectively, 𝜙𝜙𝑚𝑚 are the volume 
fraction and 𝜀𝜀𝑚𝑚 are the viscosities of pure substances. 
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5.6.14. Determination of JCAEM content in copolymers 
The chemical composition of copolymers was evaluated by UV-Vis spectroscopy by 
means of a calibration curve obtained from JCAEM solutions in CHCl3 with 
concentration ranging between 5×10-7 - 1×10-5 M (v. section 3.3). 
5.6.15. Transilluminator 
Pictures of JCAEM solutions were taken by exciting the samples in the dark with a Dark 
Reader 46B transilluminator with an output wavelength of 450 nm. The excitation 
radiation was filtered off through an orange plastic filter. The orange component due to 
the filter was removed in picture post-production using the “white balance” function in 
Adobe Lightroom 6.6. 
5.7. Vapochromic behaviour 
5.7.1. Experimental apparatus 
The home-made set-up adopted for the measurements of polymeric films fluorescence is 
illustrated in Figure 5.16. The sample, held by a steel tripod, is placed in a 50 mL beaker 
containing 20 mL of a chosen organic solvent. The beaker is then covered with an 
aluminium foil lid with a hole in the centre, and placed in a slot on a tray that is then 
inserted in a sealable container impervious to light. The container consists of a steel box 
approximately 20x20x35 cm in 
dimensions, with one face provided with 
hinges and latches to act as a door and 
one hole in the top plate for the optical 
fibre to be slid in. Both the door and the 
hole have gaskets to reduce solvent 
vapour leaks and to prevent any stray 
light from entering the container. On the 
inside, the box has a set of metal trays 
holding the sample and the head of the 
optical fibre bundle in a fixed mutual 
position to ensure the reproducibility of 
 
Figure 5.16 - Experimental set-up adopted for 
fluorescence measurements of 
polymeric films 
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the measurements. Before every measurement, the container was thoroughly flushed with 
compressed pure air to remove any traces of VOCs from previous experiments. The 
insertion of the sample in the beaker and in the container was as fast as possible and took 
around 8 s for a trained operator. 
5.7.2. Vapour Exposition 
Batches of several spectra (10 to 50) were recorded during the exposition of the polymer 
to organic solvent vapours. In order to monitor the variation of the emission intensity as 
a function of the exposition time to vapours, the fluorescence maximum intensity (at the 
wavelength of the polymer maximum emission, λmax) was recorded as a function of the 
time. The fluorescence intensity variation was calculated according equation: 
𝐹𝐹𝐹𝐹 = 𝐹𝐹𝑡𝑡 − 𝐹𝐹0
𝐹𝐹0
 
were Ft is the fluorescence intensity at λmax at time t, while F0 is the fluorescence intensity 
maximum before the exposition to vapours. 
Fluorescence decay constant rates (1/𝜏𝜏) were obtained from the monoexponential fits of 
recorded data (Figure 3.18) with OriginPro software. 
The CHCl3 mole fraction in the gas phase of mixtures CHCl3/MeOH was calculated from 
the Wilson equation applied to CHCl3/MeOH mixtures of known composition at 25 °C.139 
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